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ABSTRACT 
The present work reports studies of the ultrafast photoexcitations in various 
pristine rc-conjugated polymers as well as compounds of polythiophene/fullerene blends, 
which act as the active layer of donor/acceptor in organic photovoltaic applications. The 
main technique used is the ultrafast (-150 fs) transient photomodulation (PM) 
spectroscopy in the range of 0.25 to 2.5 eV using two different laser systems. In addition, 
two-photon-absorption and electroabsorption have also been complementary used. 
In organic photovoltaic studies, two different donor polymers namely, Regio-
Regular-poly(3-hexylthiophene) (RR-P3HT) that forms lamellae, and Regio-Random-
poly(3-hexylthiophene) (RRa-P3HT) that forms lamellae with lesser extent have been 
compared. The transient PM measurement of the most efficient RR-P3HT/fullerene blend 
shows that the decay of exciton does not result in the generation of polarons in the donor 
and acceptor materials, as assumed by the present model of charge dissociation in 
photovoltaic devices. On the contrary, the decay of exciton fits very well to the build-up 
of charge-transfer (CT) state in the fullerene phase, which indicates the migration of the 
photoexcited exciton in the polymer phase to the fullerene nano-domains. The transient 
PM measurement of RRa-P3HT/fullerene blend, which does not form phase-separated 
nano-domains, shows the formation of a CT state at the interface following by ultrafast 
geminate recombination. 
The transient PM measurement of poly(phenylene-vinylene) (PPV) derivatives 
show that in 2-methoxy-5-(2'-ethylhexyloxy) PPV (MEH-PPV) film there are two kinds 
of primary photoexcitations, namely, intrachain exciton and excimer, but only intra-chain 
exciton in other PPV derivative polymers. Furthermore the high-pressure study of MEH-
PPV film shows two kinds of polymer chain orders: isolated-chains and closely packed-
chains. The high pressure mainly affects photoexcited excimers in the closely packed-
chains. In contrast there is no pressure effect on the photogenerated intrachain excitons in 
the isolated-chains. 
The other ^-conjugated polymers investigated in this dissertation are 
platinum(Pt)-containing conjugated polymers. The different parity excited states of these 
Pt-polymers are studied by electroabsorption and two-photon-absorption spectroscopies. 
These results show that, even after the incorporation of Pt atoms into the backbone of 
conjugated polymer, the behavior of the excited states is similar to regular rc-conjugated 
polymers. 
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CHAPTER 1 
INTRODUCTION 
1.1 ^-conjugated polymers 
^-conjugated polymers (PCPs) were discovered about 30 years ago. Since their 
discovery, they have been widely used for the fabrication of electronic and optoelectronic 
devices [1, 2] such as organic light emitting diodes (OLEDs) [3, 4], thin film transistors 
(TFTs) [5-7], photovoltaic cells [8, 9], optical switches and modulators. The PCPs, also 
called conducting polymers, owe their name to the delocalized 7t-electrons along the 
polymer backbone. The simplest PCP, namely polyacetylene, (CH)X consists of carbon 
atoms in its backbone chain (see Figure 1.1), which has six electrons, the IS22S22P2. In 
the case of (CH)X, and also in most other conjugated polymers, the carbon 2S orbital 
mixes with 2PX and 2Py orbitals to form three energy equivalent sp orbitals; this is 
dubbed sp hybridization. The sp hybridized electrons are responsible for the so-called 
'a- bonding' to the three in-plane neighbors in polyacetylene, namely, two with the 
nearest neighbor carbons forming the polymer chain backbone, and the other bond with 
an adjacent hydrogen atom. The 2PZ orbitals of all carbon atoms are linearly combined to 
form what is called "71 molecular orbital" which is delocalized electrons along the 
2 
H H H 
H H H 
Figure 1.1: Chemical structure of trans-(CH)x 
polymer chain, and perpendicular to the a bonding plane. 
Because of the Peierls distortion [10], in principle the pristine one-dimensional 
(ID) (CH)i is an insulator. The adjacent CH groups move towards each other, forming 
alternating single and double bonds that have different bond lengths and thus creating an 
energy gap of about 1.5 eV between the highest occupied molecular orbital (HOMO) and 
the lowest unoccupied molecular orbital (LUMO). This process is called "dimerizaiton" 
[10,11]. 
Trans-(CH)X is the simplest but special polymer, since it has twofold degenerate 
ground state (DGS) [12]; the other polymers that will be discussed in this dissertation, are 
nondegenerate ground state (NDGS) PCPs [11, 12], e.g., 2,5-dioctyloxy poly-(phenylene 
vinylene) (DOO-PPV), and poly[2-methoxy-5-(2'-ethylhexyloxy)-p-phenylene vinylene] 
(MEH-PPV). Despite the apparent differences in their chemical structures, the common 
feature among the various PCPs is the delocalized rc-electrons along the chain, which are 
manifested in the single-double bond alteration. 
3 
In 1973, H. Shirakawa et al. [13] first synthesized a polyacetylene film from 
powder. It was nonconducting because the bandgap was too large for thermal excitations 
of electrons from HOMO to LUMO. This polymer was found to be susceptible to 
chemical doping, reaching a metallic state [14, 15]; this was a milestone that began the 
extensive research and applications of the PCPs, now called conducting polymers. In 
subsequent developments, the first PCPs field-effect transistor (FET) was made in 1986 
using polythiophene [16]. A big breakthrough in FET research came from the use of 
Regio-regular polythiophene (RR-P3HT) in 1996 [17], which reached electron mobility 
of-0.045 cm2(Volt sec)"1 in comparison with 10'5 cm2(Volt sec)"1 that had being reported 
before in Ref. [15]; in 2004, the carriers mobility was improved to reach 0.7 cm2(Volt 
sec)"1 in RR-P3HT FET device [18]. 
The first polymer light-emitting diode (PLED) [3] was demonstrated by R. Friend 
and coworkers, where the generation of light was achieved by radiative recombination of 
electrons and holes injected into the active layer of PPV polymer film from the opposite 
electrodes using different metals. The reverse process, namely, photovoltaic effect, was 
also inspired using the device based on a mixture of PPV-derivative and 
buckminsterfullerene (C60) [8, 9]. 
Optically driven laser action was discovered in the PCP [19-21]. This is a 
prerequisite for electrically driven polymer lasers. The realization of such a goal still 
remains a big challenge. Also, random laser was discovered in conducting polymer [22]; 
it adds a new twist to the physics of light propagation in multiple scattering media. 
4 
1.2 Symmetry and ordering of the excited state 
The optical properties of xt-conjugated polymers such as linear absorption, two-
photon-absorption, fluorescence, phosphorescence etc., are governed by the symmetry of 
the molecular wave functions of the polymer. To illustrate this point, let us consider the 
simple example of polyenes [23]. 
Polyenes (C2nH2n+2) are linear chains of CH units with sp hybridization of pz 
atomic orbitals. The symmetry of such a polymer is described by the point group 
symmetry, C2h [24], and thus the electronic wave functions are classified according to 
their inversion and rotation properties. If the orbitals change (do not change) sign under 
inversion at the symmetry center they are dubbed as u (g); they are denoted with b (a) if 
they change (do not change) sign under 180° rotation around the symmetry axis. The 
atomic 2p-orbitals change sign under reflection in the symmetry plane, so p-electron 
orbitals are only au or bg. 
The wave function describing the electronic states along the polymer chain is still 
distinguished by its g or u character, but now the inversion properties are denoted with 
capital letters A or B. The Tt-electron states in polymers can then have either Ag or Bu 
symmetry according to: 
au®au = bg®bg = Ag (1.1) 
au®bg = bg® au = Bu (1.2) 
All the 71 orbitals in the HOMO in the PCPs are doubly occupied; hence the 
ground state of PCPs has Ag character. The next excited state, in most PCPs, has Bu 
5 
character, the next excited state will be again Ag, and so on. It is useful to label the PCP 
excited states as npX, where n is the overall quantum number, p is the spin degeneracy of 
the quantum state; 1 stands for singlet, and 3 for triplet; and X is its electronic wave 
function symmetry, such as Ag or Bu. 
The luminescent properties of the PCP class of materials depend on the ordering 
of their excited states. When the electron-electron interactions can be neglected, then the 
excited states order is: 
l 1A g<l 1B u<2 1A g (1.3) 
The energies of these configurations can be regarded as approximately equal to 
the sum of the orbital energies. However, when including the electron-electron 
interaction then the energetic ordering of the first excited states may be reversed: 
l 1 A g < 2 l A g < l l B u (1.4) 
The ordering of the first excited states affects the optical properties of the 
material. When the 1B„ excited stated has lower energy than the 2Ag excited state (Figure 
1.2(a)), the material is expected to show strong fluorescence, since the Bu—»Ag transition 
is dipole allowed. This is the case of polythiophene and poly (p-phenylenevenylene)s, 
among other PCPs. Instead, if the 1BU excited stated has higher energy than the 2Ag 
excited state as shown in Figure 1.2(b), then the first excited state decays nonradiatively 
to the ground state, due to the dipole forbidden Ag—»Ag transition, and very little 
6 
h b>. 1 a) |? b) B„ ~2 
• \ 
Ag m-L-j  
Bu | 1 A g 
Fluorescence X. No luorescence 
A g 
Figure 1.2: A different ordering of the first excited states gives rise to different optical 
properties. Upon absorption of a photon the polymer fluoresces if lJAg < l lBu < 2!Ag. 
fluorescence occurs, mainly during the thermalization process (~lps or less). This 
happens, for instance, in the case of trans-polyacetylene and polydiacetylenes. A 
complete discussion about the interplay of electron-electron and electron-phonon 
coupling on state ordering is given in reference [25]. 
1.3 Excitation models for ^-conjugated polymers 
Su, Schriefer and Heeger proposed a model (SSH) based on tight binding 
approximation calculations taking into account only the electron-phonon interaction, thus 
ignoring the electron-electron interaction [26]. They applied a semiclassical Huckel 
Hamiltonian that contains two components: the lattice kinetic energy, which is treated 
classically, and the electron-phonon interaction, which is treated quantum mechanically, 
as expressed in the following Hamiltonian: 
7 
HSSH = ^/JVn ~ ^ - ^ + T X \dt) ~ 2^° + a(Mn+1 ~ Un))(Cn+l,s Q s 
n n n,s 
+C,5Cn+i,s) (1.5) 
where t0 is the hopping integral between the nearest neighbors for an undistorted chain, a 
is the electron lattice coupling constant, C ^ and Cns are the creation and annihilation 
operators of an electron on site n with spin s, K is the spring constant due to the n-
electrons and u„ is the deviation of the «-th site from the equilibrium position in an 
undistorted chain with equal distance between sites. 
The SSH model predicts that dimerization caused by strong electron-phonon 
interaction lowers the system energy, and opens an energy gap A = Aau. Thus the 
occupied electronic states in equilibrium are lowered, causing this configuration to be 
more stable (Figure 1.3(b)). In this way the system no longer acts as a one-dimensional 
metal, but instead it has the properties of a semiconductor. 
Models including electron-electron interaction and 3D interchain coupling are 
based on Hubbard type Hamiltonians, where the Hubbard contribution to the Hamiltonian 
is: 
H Hub = VY.ini,inlA (1.6) 
where U is the Coulomb repulsion between two electrons on the same site, n^ and nt i 























Figure 1.3: Effect of dimerization on the electronic properties of polyacetylene (a) The 
undimerized state of Ti-electrons that has the properties of a metal; (b) the dimerized state 
with properties of a semiconductor. 
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However, since the Hubbard model disregards electron-phonon interaction, which 
is quite strong in the polymer system, a combination of both SSH model and Hubbard 
model is more realistic, as has been used by Mazumdar and Dixit [27, 28] to explain the 
energy levels of excitations in the class of n-conjugated polymers. Since electron-electron 
interaction is so strong in one-dimensional polymers, the lowest optical transition is not a 
transition from the valence band into the conduction band, like in usual semiconductors, 
but instead an excitonic transition, where intrachain exciton binding energies as large as 
0.4 to 0.8 eV have been inferred. 
1.4 Photoexcitations in 7i-conjugated polymers 
When the rt-conjugated polymer is excited with above-gap photon energy, both 
short- and long-lived photoexcitations are created. These photoexcitations can be 
detected and characterized by transient and CW photomodulation (PM) techniques, 
where a pump beam generates the photoexcitations, and subsequently the induced optical 
absorption spectrum due to the presence of photoexcited species is monitored with the 
probe beam in a broad spectral range from mid-IR to visible using different probe 
sources. The PM spectrum essentially measures difference spectra, i.e., the difference in 
the optical absorption (Aa) of the polymer when it contains a nonequilibrium carrier 
concentration and that in the equilibrium ground state. Therefore the optical transitions of 
the various photoexcitations are of fundamental importance. 
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1.4.1 Charge photoexcitations in the NDGS polymers 
The charge excitations in the NDGS class of polymers can be in the form of 
polaron (P*) with spin quantum number, s = 1/2 or bipolaron (BP2*) with s = 0. In 
addition there is a third possibility of interchain bipolaron or 7t-dimer. Generally, these 
charge excitations are long-lived (nano-second to milli-second) in the polymer; but they 
may be photogenerated in very short time, and this enriches the photophysics in the pico-
second time domain. 
1.4.1.1 The polaron excitation 
A polaron is a charged excitation that lowers its energy compared to a bare 
electron (or hole) due to a distortion of the lattice structure (electron-phonon relaxation). 
The polaron species carries spin 1/2 and a unit charge, e. The energy diagram and 
associated optical transitions for a polaron excitation (P*) are shown in Figure 1.4. The 
positive polaron energy states in the gap are SOMO (single occupied molecular orbital) 
and LUMO, respectively, separated by 2oo (P). There are three possible optical transitions 
Pj, P2, P3. In oligomers, the parity of the HOMO, SOMO, LUMO and LUMO+1 levels 
alternate; they have symmetry of g, u, g, and u, respectively. Therefore, polaron has two 
allowed optical transitions P and P , whereas the third possible transition P is dipole 
forbidden. Polarons can be created by doping, charge injection from metallic electrodes, 
or photogeneration. When polarons are created, then their absorption spectrum contains 
two absorption bands, which upon photogeneration are dubbed photoinduced absorption 
(PA). For PPV type polymers, the two PA bands are in the near IR (1.4 eV) and mid IR 
11 
(0.35eV) spectral range, respectively [29]. The theory of polaron transitions has so far not 
been proposed for a long correlated polymer chain. 
1.4.1.2 The bipolaron excitation 
When two "same charge" polarons come together on the same chain of a 
nondegenerate ground state conjugated polymer, they tend to reduce their elastic energy 
2± 
by forming a bipolaron (BP ), which is a more stable excitation species. The energy 
2± 
diagram and the possible optical transitions for bipolaron (BP ) are given in Figure 1.5. 
For positive bipolaron there are two unoccupied energy states separated by 2co (BP): the 
+ 
LUMO and LUMO+1, which are deeper in the gap than corresponding states for P . Two 
optical transitions are then possible: BP and BP . In short oligomers, however, the parity 
of HOMO, LUMO and LUMO+1 alternate (g, u, and g, respectively). Therefore BP} 
transition is allowed and BP transition is dipole forbidden. Electron correlation and 
disorder-induced relaxation of the optical selection rules however may cause the BP 
transition to gain intensity, and therefore BPs with one strong transition at low energy 
and a second, weaker transition at higher energy might be observed in "real" films. 
1.4.2 Neutral photoexcitations in the NDGS polymers 
1.4.2.1 The singlet exciton 
Excitons are neutral, Coulombically bound electron hole pairs. When an exciton 
is optically created, it is initially in a spinless singlet configuration. In terms of the "four 














































Figure 1.5: Energy levels and associated optical transitions of (a) positive, and (b) 
negative bipolarons. 
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and three singlet excited exciton levels: IB , mA and kA , which predict most nonlinear 
optical (NLO) properties of ^-conjugated polymers. The energy diagram of the four 
essential states is shown in Figure 1.6(a). The mA is an excited state above the IB level, 
g u 
whereas the kA excited state may be due to a biexciton state, i.e., a bound state of two 
IB excitons. The mA and kA levels are known to have strong dipole moment coupling 
to IB , as deduced from the various optical nonlinear spectra of ^-conjugated polymers. 
Therefore two strong optical transitions were expected to form following the IB 
photogeneration: PA and PA , as shown in Figure 1.6(a). Due to exciton self-trapping, 
however, we do not know whether PA would maintain its strength, since the relaxed IB 
state may no longer overlap well with the mA state. PA , on the other hand, will be 
always relatively strong regardless of the IB relaxation, since there is always room for a 
second exciton photogeneration on a chain following the photogeneration of the first 
exciton. For PPV type conjugated polymer the PA band is usually around 1 eV, and PA 
is in the visible/near IR range. 
Following photogeneration the exciton may relax nonradiatively to the lowest 
excited state within sub-picosecond time interval. This relaxation is due to either 
vibrational cooling within the vibronic sidebands of the same electronic state, or phonon 
assisted transitions between two different electronic states. In molecular spectroscopy the 
latter is called internal conversion. Internal conversion is usually the fastest nonradiative 
relaxation channel in electronic states with the same spin configuration. In 7i-conjugated 
polymers the internal conversion is very effective due to the strong interaction of excitons 
14 
with optical phonons. As a result Vavilov-Kasha's rule [31] is also viable in luminescent 
conjugated polymers, which states that the main fluorescence occurs from the lowest 
excited electronic state, and its quantum efficiency is independent of the excitation 
energy. However in polymers there are other processes that may interfere and compete 
with the internal conversion. For example there are singlet exciton fission, which creates 
two triplet excitons with opposite spins, and exciton disassociation, which generates 
charge carriers (polarons) albeit in the spin singlet configuration. 
K-conjugated polymers are generally characterized by significant inhomogeneous 
broadening, which manifests itself in a featureless absorption spectrum. The broad 
distribution of conjugation length leads to a broad distribution of energy levels. Excitons 
may migrate to the bottom of the inhomogeneously broadened density of states, i.e., to 
the energetically favorable states with the longest conjugation length, via the incoherent 
intermolecular energy transfer, dubbed Forster energy transfer. Thus the inhomogeneous 
broadening opens an additional relaxation pathway for the excited states. This effect is 
absent in solution, since the average interchain distance is relatively large. Forster energy 
transfer within the excitons density of states in films gives rise to transient PL red shift on 
ps time scale. For studying this process in detail, polarization memory dynamics is 
usually measured. 
Typical lifetime of the lowest singlet exciton in luminescent 71-conjugated 
polymers is of the order of 100 ps. Two processes contribute to the exciton lifetime: 
radiative and nonradiative recombination processes. Exciton radiative lifetime in n-
conjugated polymers was determined to be about 1 ns; it actually fits well with the 
exciton size in the dipole approximation. The temporal evolution of excitons can be 
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detected using transient pump-probe spectroscopy and PL up-conversion based on NLO 
processes. Transient pump-probe is a powerful tool to study not only the optical 
transitions of excitons but also other secondary photoexcitations such as polarons. Large 
binding energy of excitons is expected in low-dimensional systems with strong electron 
correlation effects [32, 33]. The binding energy of intrachain excitons in ^-conjugated 
polymers is still debated, but a consensus seems to put it at about 0.5 eV. This value is in 
agreement with the exciton binding energy in polydiacetylene, which is universally 
accepted [34]. With such large binding energy solutions of the Coulomb interaction 
Hamiltonian in one dimension (ID) obtained by Loudon several decades back show that 
the exciton state 'grabs' most of the oscillator strength from interband transition [35]. As 
a result the interband transition strength is weak, and because of inhomogeneity is in fact 
invisible in linear absorption, unless sophisticated modulation techniques are employed. 
In the "band model" that describes excitations in polymers in terms of free 
electrons and holes, photon absorption by the photogenerated carrier in the continuum 
band (i.e., valence or conduction bands) is forbidden due to two particle energy quasi-
momentum conservation rules; it can be assisted however by phonons and/or impurities. 
Furthermore photogenerated carriers in more common semiconductors do not show 
structured PA bands; instead, their PA is in the form of a structureless Drude free carrier 
absorption that peaks at low energies. On the contrary, in the "exciton model" for 
describing the photoexcitations in polymers, photon absorption by a low-lying exciton 
that results in the creation of higher energy exciton is, in fact an allowed two-particle 
process and the PA bands have clear structure due to large bonding energy. 
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1.4.2.2 The triplet exciton 
Triplet excitons can be generated from singlet excitons through intersystem 
crossing, which is more efficient when the energy difference between the singlet and 
triplet states is small. The most important electronic states in the triplet manifold are 
3 
shown in Figure 1.6(b). The lowest triplet level is 1 B , which is lower than the 
corresponding singlet level (IB ) by the singlet-triplet energy splitting A . In principle, 
3 
1 B can directly recombine radiatively to the ground state by emitting photons (leading 
to phosphorescence, PH) or nonradiatively by emitting phonons. However the optical 
transition is spin-forbidden and therefore extremely weak, which leads to the well-known 
3 
long triplet lifetime. The other two levels shown in Figure 1.6(b) are the m A level, 
3 
which is equivalent to mA in the singlet manifold, and the k A level, which is a complex 
composed of a triplet exciton and a singlet exciton bound together. 
As in the case of singlet excitons, for triplet excitons there are two strong 
3 3 3 
transitions T, and T . T, is a transition from I B to m A level; T is transition from 1 B 
1 2 1 u g 2 u 
3 3 
to k A level (has never been identified, though). Since the m A and mA levels should 
not be far from each other, it is possible to estimate A from the relation: 
A s T = T r P A i (i.7) 
A has been recently been directly measured in 7t-conjugated polymers from 
phosphorescence emission involving heavy atoms and other techniques [36], and 
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Figure 1.6: Schematic energy diagram and optical transitions associated with (a) singlet, 
and (b) triplet excitons. 
Equation 1.7 has actually been confirmed. Unfortunately we do not know whether T is 
indeed strong, since as for singlet excitons the relaxed triplet exciton may not well 
3 
overlap with the m A state, leading to a decrease in T intensity. In contrast, it is quite 
3 
certain that transition T into the k A level is strong, because it is always possible to 
photogenerate a second (singlet) exciton close to a previously formed triplet exciton. 
However, this transition has not yet been identified in 7r-conjugated polymers. 
1.4.2.3 The polaron pair excitation 
+ 
A polaron pair (PP) species is a bound pair of two oppositely charged polarons, P 
and P , formed on two neighboring chains. The binding energy is mainly Coulombic in 
nature, and is normally weaker than that of the intrachain exciton. Due to the interaction 
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between the polarons, the energy levels of the polaron pair are shifted with respect to the 
energy levels of a single polaron, as shown in Figure 1.7. There are three strong 
transitions, PP -PP . For loosely bound PP excitations these transitions are not far from 
transitions P.-P. of polarons. However for a tightly bound PP excitations a single 
transition, PP will dominate the spectrum, as PP is considered to be intraband with 
traditional low intensity and PP is close to the fundamental transition and therefore 
difficult to observe. 
We note that the PP transition is close in spirit to transition PA discussed above 
for excitons, as a second electron is also promoted to the excited level in the case of PP. 
Then from the experimental point of view, it is not easy to identify and separate in the 
PM spectra the PA2 transition due to exciton from those of a tightly bound PP. They may 
differ, however, in their PADMR spectra. 
1.4.3 Excimer, pi-dimer and exciplex species 
A variety of interchain species may be introduced when two adjacent chains 
interact with each other. 
Excimers and pi-dimers only exist in the excited state. They are formed when two 
neighboring polymers share their 7i-electrons in the excited state but not in the ground 
state [37-39]. These emissive excited state complexes have a dissociative ground state, 
that is, the ground state of the dimer spontaneously dissociates into two ground-state 
molecules. Furthermore, the excimer cannot be directly excited optically. Instead, an 
19 
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Figure 1.7: Energy diagram and optical transitions associated with polaron-pairs. 
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intramolecular singlet exciton is photoexcited that at a later time delocalizes over two 
molecules, forming the excimer. Excimer formation is accompanied by a strong 
geometric distortion along the intermolecular axis that, when combined with the 
dissociative nature of the ground state, leads to featureless, strongly Stokes-shifted 
emission of films in comparison to dilute solution. Excimer formation was observed in 
PPV-based films [40], leading to quenching of luminescence due to their large 
nonradiative decay in this polymer. 
An interchain excited state, called an exciplex, can also be formed when an 
unequal sharing of rc-electron density between chains or a partial degree of charge 
transfer occur [37, 39]. 
While excimers exist only in the excited state, interchain interaction may also lead 
to ground-state interactions, with formation of aggregate states [23, 38]. Upon 
aggregation, both the ground- and excited-state wave functions are delocalized over 
several polymer chains. The aggregate is therefore directly accessible by spectroscopic 
means. The existence of these species was suggested in ladder-type polymers [41] (and 
later conclusively disproved [42]) and poly-pyridine films [43], where it appears to 
quench PL efficiencies in film samples compared to solution. 
CHAPTER 2 
EXPERIMENTAL TECHNIQUES 
The present chapter discusses the experimental techniques used for characterizing 
the polymer thin film, solution, or blend films of polymer with fullerene. Polymer thin 
films have been deposited on glass or quartz substrates by either drop casting or spin 
casting the solution. To avoid oxygen contamination all the handling steps of polymer 
films were done inside the inert (N2) atmosphere of a glove box with oxygen level less 
than 0.5 ppm. 
2.1 Ultrafast excitation sources 
2.1.1 Femtosecond Ti:Sapphire setup 
Our low repetition rate Ti:Sapphire laser system consists of a home-made 
Ti:Sapphire oscillator and Ti:Sapphire amplifier. Its schematic diagram is shown in 
Figure 2.1. The oscillator is passively mode-locked, and was assembled at the university 
of Utah laser institute based on "Kapteyn-Murnane 11 fs scheme" [44]. It yields a pulse 
laser output of -350 mW at 800 nm, with pulse duration of less than 100 fs and a 
repetition rate of 76 MHz. The oscillator is pumped by a cw 5W diode laser (532 nm) 
Millenia Pro {Spectra Physics), and its cavity contains two fused silica prisms to 
Nd:YLF 
Freq. Doubled 











ure 2.1: Schematic diagram of TiiSapphire regenerative amplifier laser system. 
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compensate the dispersion caused by the 4.75 mm long Thsapphire crystal. The oscillator 
can run either in cw mode or in mode-locked pulse mode. The mode locking is achieved 
by fine adjustment of one of prism in the cavity. The output stability of this oscillator is 
crucial to the stable performance of the amplifier. Usually the fluctuations in the output 
power of the oscillator are <1%. The output power of the oscillator is monitored by a 
fast-scan autocorrelator that measures the pulse duration of the pulse train. The output 
beam of the oscillator is fed into a regenerative amplifier cavity. 
Our Ti:sapphire regenerative amplifier, which is home-made, was built based on 
the configuration provided by Positive Light Inc. [45]. It is pumped by Coherent 
Evolution-15 -200 nanosecond Q-switched Nd:YLF laser at 527 nm at a repetition rate of 
1 kHz. The output of the amplifier is 1 kHz repetition rate 800 nm wavelength pulses of 
-150 fs. The pulse energy at the output beam is five orders of magnitude higher 
compared to that from the oscillator, due to the lower repetition rate and amplification 
that occurs in the system. There are three major parts of the Ti:Sapphire regenerative 
amplifier setup; these are: 'stretcher', 'amplifier' and 'compressor'. The 'stretcher' role is 
to stretch the ultrashort pulses into long pulses by delaying different frequency 
components of the pulse with respect to each other using group velocity dispersion. This 
is done to avoid damaging the optical components inside the cavity due to the high peak 
power. The stretched pulses enter into the 'amplifier' cavity, where they are amplified by 
5-6 orders of magnitude. The pulses are finally recompressed by the 'compressor', which 
works in a way just the opposite to that of 'stretcher' part. 
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2.1.1.1 Autocorrelation 
The output pulses from the oscillator and amplifier are characterized by the 
autocorrelation technique [46, 47]. In this technique a beam is split (50/50) into two 
almost equally optical paths that go through different delay stages; and they meet again 
on a nonlinear BBO crystal. The generated sum-frequency signal from the crystal is 
monitored by a detector (PMT or CCD arrays). Figure 2.2(a) shows the temporal profile 
of the pulses from the amplifier. Their spectral profiles are also shown in Figure 2.2(b). 
These pulses are not 'transform-limited' because the time-bandwidth product (AE x tp) 
for the pulses is 1.08. The time-bandwidth product for a transform-limited Gaussian pulse 
is 0.44. 
2.1.2 White light supercontinuum generation 
White light supercontinuum acts as a femtosecond probe source in ultrafast pump-
probe measurements. It is generated by focusing the amplified pulses onto a transparent 
substance where the output pulses are substantially spectral broadened. White light 
supercontinuum has been observed in many different materials including solids, liquids 
and gases. There are many nonlinear processes responsible for white light 
supercontinuum generation such as self-phase-modulation, four-wave-mixing, Raman 
scattering, self-focusing, etc. But in case of femtosecond pulses self-phase-modulation 
due to the nonlinear refractive index of the transparent medium is the dominant 
mechanism [48]. 
In our laboratory we create white light supercontinuum by focusing <10 mW of 
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Figure 2.2: Characterization of fundamental pulses at 800nm; (a) temporal profile 
measured by autocorrelation, and (b) spectral profile. 
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pulse train of a broad spectrum from 450 nm to 1000 nm; but the spectrum is not uniform 
as shown in Figure 2.3(a). We also use a notch filter after the sapphire plate to remove 
the residual 800 nm fundamental laser from the white light supercontinuum probe pulses. 
Otherwise the high intensity at 800 nm would saturate the monitoring photodiode, and 
this creates an artifact. 
Generating a stable white light supercontinuum out of the 800 nm amplified laser 
pulses train is a bit 'tricky', and requires the attainment of the following conditions: (1) 
minimum fluctuations; (2) maximum compression (this leads to shortest possible pulses); 
and (3) minimum intensity of the fundamental 800 nm beam. This intensity is controlled 
by a neutral density filter and an aperture, making the fundamental beam perfectly 
circular by blocking the unwanted peripheral beam. After the iris, the light beam is 
focused onto the transparent sapphire plate by a lens, and the generated white light 
supercontinuum is then collimated by another lens. The white light supercontinuum 
contains chirp pulses due to group velocity dispersion present at different frequency part 
of their spectrum. Due to this chirp, the redder part of the supercontinuum spectrum is 
delayed compared to the bluer part, and this has to be compensated while taking the 
transmission spectrum at a fixed time delay in the pump-probe correlation measurements. 
The way to compensate for this chirp is by making two-photon-absorption (TPA) 
measurements which gives the 'zero-time' position at each wavelength of the pulse 
spectrum. These 'zero-time' positions are plotted against the respective wavelengths as 
shown in Figure 2.3(b); we fit it using a second-order polynomial function, as shown in 









































450 500 550 600 650 700 
Wavelength (nm) 
750 800 
Figure 2.3: Characterization of white light continuum (WLC) source; (a) Spectrum of 
WLC generated by 800 nm fundamental laser, and (b) chirp of WLC against wavelength 
fitted with second-order polynomial function 
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controlled stage program to move the translation stage during the time of the 
measurements when AT spectrum is obtained. 
2.1.3 Low-energy high repetition-rate system 
In addition to the high-energy low repetition-rate ultrafast laser system, we also 
used a low-energy high repetition-rate ultrafast system based on an optical parametric 
oscillator (OPO) (OPAL, Spectra-Physics) which covers the mid-infrared range, namely 
0.1-1.1 eV. A 10 Watt, 532 nm CW solid-state laser (Millennia Xs, Spectra-Physics) 
pumps a 100 fs Ti:Sapphire pulsed laser with a repetition rate of 80 MHz (Tsunami, 
Spectra-Physics), which, in turn pumps the OPO system. This set-up was earlier operated 
by Dr. Josh Holt, and is now run by Mr. Bill Pandit. 
2.2 Transient pump-probe spectroscopy 
Two ultrashort pulses are utilized for measuring transient PM spectra using pump-
probe spectroscopy. The first pulse (pump) is a high intensity pulse that excites the 
sample at time t = 0, and the second pulse (probe) is a low intensity pulse that crosses the 
excited sample at a later time by a controlled translation stage delay line. The change in 
the transmitted intensity of the probe pulse, which is induced by the pump pulse, is 
monitored with the help of a detector. 
In the transient photomodulation (PM) measurement two quantities are usually 
obtained. The first is the transmission T of the probe beam when the pump beam is 
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blocked; and the second is the change in transmission AT of the probe when the pump 
beam is on. For small AT we can write 
AT 
^ - ( t ) s - A a ( t ) d = -AN(t)ffd (2.1) 
where Aa is the change in the absorption coefficient, d is the thickness of the film, a is 
the absorption cross-section of the photogenerated species, and N is the excited state 
AT 
population at time t. In this way, measuring — (t) provides direct information on the 
density of the excited species as a function of time, assuming a does not change with 
time. 
The schematic of the experimental arrangement for the pump-probe measurement 
is shown in Figure 2.4(a). The output from the Ti:Sapphire amplifier is a pulse train at 1 
kHz repetition rate with pulses 150 fs in duration at 800 nm; it is divided by a 90/10 beam 
splitter into two beams, namely pump and probe. The delayed pump beam (90% of the 
power) is frequency doubled to 400 nm (~3.1 eV) using a nonlinear BBO crystal. The 
probe beam (10% remaining power) is used to create broadband 1.24-2.76 eV white light 
supercontinuum in a 1 mm thick sapphire plate. The broad probe spectral range 0.12-2.76 
eV used in our measurement is obtained by combining the low-intensity and high-
intensity laser systems as shown in Figure 2.4(b). 
The time resolution in our pump-probe set-up over the entire spectral probe range 
is ~150 fs, as confirmed by cross-correlation, or two photon absorption measurement. 
The delay of pump beam with respect to probe beam is determined by computer 
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Figure 2.4: Schematic diagram of (a) ultrafast high intensity transient pump-probe set-up 
(b) broad probe range generated by both low and high intensity laser systems. 
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about 4 nm is achieved by CM-110 Digikrom monochromator with 0.6 mm entrance and 
exit slits. The pump beam is modulated by a mechanical chopper at exactly half the 
frequency of Ti:Sapphire laser system, and the change in transmission of probe, AT, is 
monitored by Si photodiode with a phase sensitive technique provided by a lock-in 
AT A 
amplifier. Using this technique, a sensitivity of— «10" is easily achieved across all the 
probe range. Transient pump-probe measurements are done in two modes: (a) as a 
function of time at fixed wavelength; and (b) as a function of wavelength at a fixed time 
delay. In the second type of measurement, the chirp of white light supercontinuum has to 
be taken into account. Calibration of the white light supercontinuum chirp is done by a 
cross-correlation or two photon absorption measurement on a known material. Finally, 
while taking the transient PM spectrum, a chirp-free program is used that moves the 
translation stage according to the calibration of white light supercontinuum at different 
wavelengths. 
The thin film polymer samples were always put in a dynamic vacuum of-150 
utorr to prevent degradation and oxidation in the presence of intense laser light. Also the 
pump intensity in the pump-probe measurement was usually kept lower than the 0.3 
mJ/cm2 that ensures linearity of the response. The probe intensity should be much lower 
than the pump intensity to avoid any excitation of the sample (by TPA for example). The 
pump and probe beams were focused onto the sample film in order to overlap with each 
other concentrically; their diameters were set to be 500 urn (pump) and 100 urn (probe), 
respectively. Their alignment was done by a dedicated telescopic microscope. 
32 
The pump-probe signal, —, can either be positive or negative. In case of 
photoinduced absorption, it will be negative because of decrease in the probe 
transmittance due to absorption of the pump. Stimulated emission (SE) and 
photobleaching (PB) of the ground state result in a positive signal, since the transmittance 
increases for both processes. The SE spectrum can be easily separated from the PB 
spectrum because it resembles the PL spectrum of the sample under investigation. 
2.3 Two-photon absorption 
Most of the conjugated polymers belong to the C2h symmetry group, which has 
four irreducible representations, namely A and B with even (g) and odd (u) parity: these 
are: Ag, Bu, Bg and Au. The ground state is an Ag character. Linear or one photon 
absorption occurs between states of opposite parity, and therefore only higher Bu states 
may be tracked by the absorption spectrum. On the other hand, two-photon absorption 
(TPA) occurs between same parity states, so complementary higher lying Ag states can 
also be tracked by this NLO process [49-51]. Therefore TPA spectroscopy is a 
complementary method to linear absorption in the conjugated polymers. 
The two-photon absorption coefficient is proportional to the imaginary part of the 
third order nonlinear susceptibility x(3) [52, 53]. It is relatively weak compared to linear 
absorption, and therefore very high peak power of ultrashort pulses is required to detect 
TPA. Here we use an efficient technique based on ultrafast nondegenerate pump probe 
spectroscopy. We note that there are other techniques used to observe TPA, such as Z-
scan and two-photon luminescence. 
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The two-photon absorption spectrum is measured with the help of pump-probe 
correlation technique at time delay t = 0. The pump beam is set at 1.55 eV and the probe 
has the WLC spectrum which ranges from 1.2-2.9 eV. This measurement is different 
from the normal photoinduced absorption (PA) measurement because in TPA the pump is 
set at 1.55 eV, which is below the polymer optical gap, so that there is no real 
intermediate electronic level involved in the TPA, and this makes the transition to be 
instantaneous. Figure 2.5 shows TPA time resolved response at 3.9 eV in Pt-3 solution 
using 1.55 eV pump and 2.35 eV probe beams. The PA signal reaches maximum at t = 0 
when the pump and probe pulses overlap in space and time, and follows the cross-
correlation response of the pump and probe pulses. 
2.4 Electroabsorption spectroscopy 
In electroabsorption (EA) technique we measure changes in the absorption 
spectrum of the sample with the application of an electric field. Electroabsorption has 
been a very important method to characterize the optical properties of ^-conjugated 
polymers. It can give information for both even and odd parity of states. The signal is 
proportional to the imaginary part of the third order nonlinear susceptibility x(3)-
— s -Accd = ^ / m | > 3 ( - a j ; to, 0,0)F2d (2.2) 
In the above relation, F is the applied electric field, d and n are film thickness and 
refractive index, respectively [54]. The modulation frequency of the electric field, f-300 
Hz, so that f « co, and thus can be considered zero with respect to the optical frequency 
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Figure 2.5: Two-photon absorption in Pt-3 solution at 3.9 eV, measured with the pump-
probe system, where the pump beam was fixed at 1.55 eV whereas the probe beam was at 
2.35 eV. 
The EA measurement needs a special device structure that is in the form of 
interdigitated electrode array, as shown in Figure 2.6(a). The substrate is a l inch 
diameter, 2 mm thick sapphire plate. A 50 nm titanium film is sputtered on the substrate 
which is followed by 150 nm of gold deposition. Finally, the interdigitated electrodes are 
patterned using photo-lithography with 40 micron gap between the adjacent electrodes. 
Our sample is deposited on such a substrate with optical density of 0.2-0.4 to allow 
substantial EA signal even for photon energy above the polymer optical gap. 
The experimental set-up for the EA measurement is shown in Figure 2.6(b). A 
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Figure 2.6: Experimental set-up for electroabsorption (EA) spectroscopy (a) sapphire 
substrate with interpenetrating finger electrodes used in EA measurement (b) 
experimental arrangements 
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grating monochromator, guided through the sample and focused onto a UV enhanced 
Silicon detector by a couple of curved mirrors. The sample is kept in a cold finger 
cryostat under dynamic vacuum of 150 utorr. A high AC voltage of 200-300V is applied 
to the electrodes using a function generator and step-up transformer. A very high electric 
field of ~105V/cm may easily be achieved between the electrodes, because of their small 
spacing of -40 um gap. The electric field is modulated at 520 Hz, and the EA signal 
(namely changes in the probe transmission) is detected at 2f, using phase-sensitive lock-
in amplifier technique. 
2.5 Fourier transform infrared spectroscopy 
A Fourier transform infrared (FTIR) spectrometer was used for measuring 
absorption spectra in the Mid to Far-IR range. The FTIR is based on a Michelson 
Interferometer, where a beam, Io is split by a beam splitter into two beams, Ii and I2 as 
shown in Figure 2.7. These beams are subsequently reflected from a moving and 
stationary mirror, respectively, which changes the optical path by x. The two reflected 
beams are passed through the sample and generate an interferogram spectrum. The 
interference spectrum can be described as: 
W O O = \ llZ ;o(^) C1 + cos(27rvx))dv = const. + J/_+J /0(v) COS(2TTVX) dv (2.3) 
where Iout(x) is the interferogram spectrum as a function of displacement x. The inverse 
Fourier transform of the second part of the above equation describes the interference 






Figure 2.7: Schematic illustration of Michelson interferometer. Io is the initial beam and 
lout is the measured beam after interference of the split beams. 
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'oO) = ^ L+~ U W cos(2nvx) dx (2.4) 
The Glow-bar lamp is used as an infrared (IR) light source, and the beam is split 
by a KBr beam splitter. After passing through the sample the light intensity is measured 
by a liquid nitrogen cooled MCT detector (400-7500 cm"1). 
2.6 Photoluminescence quantum efficiency 
The photoluminescence (PL) quantum efficiency (PLQE) of luminescent 
materials is defined as the ratio of number of emitted photons/ absorbed photons. It yields 
information about radiative versus nonradiative channels. The experimental set-up for 
measuring the PLQE is shown in Figure 2.8. A laser beam enters into the integrating 
sphere (IS) that distributes and reflects light homogeneously. The sample is placed in the 
path of the light inside the IS, and the emission is collected by a solid state detector. The 
excitation laser light is modulated by a mechanical chopper, and the detector is locked at 
the chopping frequency and measures the light intensity via a lock-in amplifier. The 
PLQE can be then calculated using the following equation: 
Three different intensities need be measured; these are: IL, the reflected laser 
intensity without the sample inside the IS; IPL, the reflected, uncorrected PL intensity 
when the sample is in the path of the excitation laser; and a correction term Ipi>corr, the 






Figure 2.8: Experimental set-up for the measurement of photoluminescence quantum 
efficiency 
The correction term is measured in order to eliminate the collected light emission of PL 
that is contributed by indirectly hitting photons (reflected by IS walls). IPL and IpLiCOrr 
are measured with the help of an optical long-pass filter placed in front of the detector for 
blocking the excitation laser light. R and T are, respectively, the reflection and 
transmission coefficients of the sample at the laser wavelength; DL and Dpi are the 
photodetector sensitivities at the laser and PL wavelengths, respectively; Si and SPL are 
the respective IS sensitivities at the laser and PL wavelengths; EL and Epi are the 
respective photon energies at the laser and PL wavelengths; and TF(PL) is the 
transmission of the optical long pass filter employed in the measurement at the PL 
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wavelength. The recommended thickness of the film should be between optical densities 
1-2. 
2.7 High pressure measurements 
The high pressure measurements are done in a diamond anvil cell (DAC). A 
sample is placed between the parallel opposite faces of diamond anvils, and the anvils are 
then pressed together. Pressure generated is force divided by area, so even a modest force 
can produce a very high pressure between the small faces of the diamonds. Figure 2.9(a) 
shows a typical structure of the DAC used by us. The two opposed diamonds are 
separated by a metal gasket with a hole for accommodating the sample and pressure 
transmitting medium [55]. 
There are many different kinds of DACs used for high pressure scientific 
measurements. We used a Merrill-Bassett DAC type cell for our measurements [56, 57]; 
and its image and schematic are shown in Figure 2.9(b) and (c), respectively. In this 
structure the diamond anvils are embedded into two parallel Be-Cu plates. Pressure is 
applied by tightening the three set screws located at the apexes of the upper plate. The Be 
support is suitably shaped to provide wide-angle access to the incoming beam. 
Due to its hardness and optical transparency in the visible and infrared range, 
diamond is the ideal material for high pressure cell measurements. Figure 2.10 shows the 
near-ir/visible range transmission spectrum of DAC used in our measurements. 
Diamonds used in DACs are selected from brilliant-cut gem stones, and are classified as 














Figure 2.9: Schematics and image of the diamond anvil cell (DAC) (a) typical structure 
of DAC assembly [55] (b) image and (c) schematic of Merrill Bassett type DAC [57] 
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Figure 2.10: Transmission spectrum of diamond anvil cell (DAC) assembly used in the 
Near-ir/visible pump-probe measurement. 
applications because they have smooth absorption spectrum that does not change much 
under applied uniaxial stress. A detailed classification divides diamonds into type la 
(large aggregates of nitrogen impurities), type lb (single nitrogen dopant), type Ha 
(considered pure) and type lib (including boron impurities). Among them, type Ha used 
for optical investigations. 
The size of the diamond used for DAC may vary from 1/8 to 1/2 carat. The anvil 
flat (culet) is usually set parallel to the (100) or (110) plane of the diamond and ranges 
from 0.3 to 0.7 mm. The octagonal surface opposite to the anvil flat is called table and its 
size varies from about 2 mm in 1/8 carat diamonds to 3.5-4.5 mm in larger diamonds. 
The gaskets we used were purchased commercially. They are made of Inconel or 
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tempered stainless steel. The diameter of the gasket should be half the size of the culet. 
For alignment purpose, gasket should be placed at lower diamond flat and its center of 
the hole should match with the center of diamond. The centering of gasket is followed by 
filling the hole with sample and pressure transmitting medium and sealing it with upper 
anvil of the gasket. 
Before the introduction of the ruby florescence method, calibration of pressure 
inside DACs was a big challenge. Forman et al. first showed that the R lines of Cr-doped 
AI2O3 (ruby) shift linearly with hydrostatic pressure in the range of 1-22 kbar [58]. 
Further work by Piermarini et al. showed that ruby florescence technique can be used as 
rapid and convenient in-situ method to measure the pressure [59]. For calibration, a tiny 
chip of ruby crystal is placed in the pressure transmitting medium with the sample, and its 
fluorescence is observed after excitation by an Ar+ laser (488 nm). The R ruby lines are 
intense, and their wavelengths are 692.7 nm and 694.2 nm at ambient conditions. Upon 
application of high pressure, these lines shift to higher wavelength with accuracy of 0.3 
kbar in pressure determination. In another work, Piermarini and Block showed that this 
linearity holds up to 300 kbar [60]. Upon the application of nonhydrostatic pressure, 
these R florescence lines broaden. 
The pressure medium transforms the uniaxial compression of diamonds into 
hydrostatic pressure inside the sample chamber. Sometimes a 4:1 methanol-ethanol 
mixture is preferred as pressure medium. The main advantage of liquid pressure medium 
is the ease of loading the cell, but one of the disadvantages is liquid sample interaction. 
Solid media such as Csl, NaCl and KBr are good pressure transmitting media 
also, providing a hydrostatic pressure of 10-15 GPa. In this work we used liquid 
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perfluorotributylamine (PFTBA) as a pressure transmitting medium, because it does not 
react or dissolve with MEH-PPV and is transparent in the spectral range of interest, 
namely mid-IR to visible ranges. 
Usually the pressure is determined in-situ by the ruby florescence. However, the 
small ruby chip cannot be taken into the DAC sample chamber together with the MEH-
PPV film in the pump-probe measurements, because the ruby florescence would interfere 
with the probe signal range. We may avoid this problem by taking ruby chip and MEH-
PPV sample together in the pressure medium before the pump-probe measurement, and 
calibrating the shift of the ir-active vibrations of the MEH-PPV against the ruby 
florescence shift upon pressure. The pressure is determined by following formula for the 
spectral shift of the ruby Rl line: 
WP«0-22![(i
 + fi)'-l (2.6) 
where 8A and A0 are the Rl wavelength shift (in nm) under pressure and the wavelength 
at ambient pressure, respectively, and b is a parameter, either 5 or 7.665 depending on 
nonhydrostatic or hydrostatic pressure, respectively. Figure 2.11(a). shows the ruby PL 
spectra at different pressures and Figure 2.11(b) shows MEH-PPV FTIR absorption 
spectra at the same pressures. Consequently a linear relationship may be established 
between the ir-active vibration peaks and the applied pressure. This relation is used 
during the pump-probe measurement for the pressure determination. 
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Figure 2.11: Pressure calibration measurement for MEH-PPV film, (a) shift of Ruby 
fluorescence line at different applied pressure (b) shift of MEH-PPV infrared absorption 
line at the same pressures as used for Ruby fluorescence 
CHAPTER 3 
ULTRAFAST PHOTOPHYSICS OF P3HT / 
FULLERENE DERIVATIVES 
The present chapter discusses detailed ultrafast photophysics of different 
donor/acceptor based organic photovoltaic blend systems. The donor materials are 
thiophene based polymers, namely RegioRegular-poly(3-hexylthiophene) (RR-P3HT) 
and RegioRandum-poly(3-hexylthiophene) (RRa-P3HT), and the acceptors are [6,6]-
phenyl C61 butyric acid methyl ester (PCBM) and different derivatives of PCBM, namely 
Jalapeno (Jal) and Habanero (Hab) {these are commercial name given by Plextronix Inc. 
to their PCBM derivatives). These composites serve as an active layer in organic 
photovoltaic devices with high power conversion quantum yield (~ 6 %)[61-64], due to 
the existence of a photoinduced charge transfer (PCT) reaction between the polymer and 
the fullerene molecules and the donor and acceptor phase separation. The transient 
photomodulation (PM) spectrum spans a broad energy range from 0.1-2.4 eV, and this 
allows us to monitor the transient behavior of the various photoinduced absorption (PA) 
bands of polarons and excitons in the PM spectrum, as well as photobleaching (PB) of the 
ground state population. 
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3.1 Materials 
3.1.1 P 3 H T 
The chemical structure of poly 3-hexyl thiophene (P3HT) is shown in Figure 
3.1 ((a) & (b)). The polymer shows two different types of arrangements of hexyl side 
group attached to the main chain. The polymer can be either regioregular (RR), where the 
side group is attached in a regular fashion (head to tail), or regiorandom (RRa), where the 
side group is in random order (head to head or tail to tail; no specific order) [65-68]. The 
interesting property of RR-P3HT is its self-organizing ability in the solid state that results 
in two-dimensional microcrystalline domains in the film, as shown in Figure 3.1(c). In 
these domains, the polymer chains are arranged in a planar structure called "lamellae" 
that are perpendicular to the substrate by stacking on one another, and these planar 
structures are closed packed so that interplanar interaction is large. 
3.1.2 PCBM 
The chemical structure of PCBM molecule is shown in Figure 3.1(d). It is a 
derivative of C60 or fullerene molecule with one side group attached. Fullerenes are well 
known for their electron accepting properties because of high electron negativity 
(affinity), and this makes them suitable candidates for acceptor materials in organic 
photovoltaic systems. The presence of a side group renders PCBM more soluble in 
organic solvent compared to C60, and therefore this derivative is preferable for solution-








8 TL... W. .. ^ ., \ " ,\ V.3P 
OMe 
(c) 
Lamella Structure (d) [6,6]-phenyl C61butyric acid methyl ester 
PCBM 
Figure 3.1: Chemical structure of (a) RegioRegular-poly(3-hexylthiophene)(RR-P3HT) 
(b). RegioRandom-poly(3-hexylthiophene)(RRa-P3HT); (c) schematic diagram of 
lamella folding and ordering on a substrate Adapted from Ref.[69]; (d) chemical structure 
of [6,6]-phenyl C61butyric acid methyl ester (PCBM) 
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The optical properties of PCBM in solid film are quite different than in solution 
because of large intermolecular interaction in the former form. For example many 
optically forbidden transitions in isolated molecules become weakly allowed in the film. 
Cook et al. reported that PCBM isolated molecules show absorption mainly below 450 
nm wavelength, but in contrast PCBM film shows weak absorption tail down to 700 nm, 
as shown in Figure 3.2(a) [70]. Similarly, the emission spectrum of film shows two bands 
at -700 nm and -500 nm, respectively, as shown in Figure 3.2(b), whereas PCBM 
isolated molecules show only the -700 nm emission band. These results were interpreted 
by postulating the existence of charge transfer state in the film (namely between the 
fullerene molecules), which arises due to intermolecular interaction. 
Dick et al. reported the photophysics of C60 film by photoinduced absorption 
from picosecond to millisecond range, and also using absorption detected magnetic 
resonance (ADMR). In addition to the presence of Frenkel type excitons in the ps-ns time 
domain with their characteristic PA bands, they found in cw photomodulation (PM) 
spectrum three PA bands at -0.8 eV , -2.0 eV and -2.4 eV that are due to charge species. 
The PA band at ~2.4 eV also appears in electroabsorption measurement, and therefore it 
was interpreted as due to charge transfer state in the film [71]. Since the P3HT/PCBM 
blend contains separated phases of polymer chain and fullerene molecule, it is interesting 
to see the influence of the polymers and fullerene photophysics on the PCT process in the 
blend. This chapter elucidates this relation. 
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Figure 3.2: Optical properties for a 12% PCBM:88% PS blend (gray line) and pristine 
PCBM film (black line); (a) absorption spectra (b) PL spectra. Adapted from Ref. [70] 
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3.1.3 P3HT7Fullerene blend 
If P3HT is blended with fullerene derivatives, then they act as donor/acceptor 
(D/A) organic semiconductors for bulk heterojunction photovoltaic devices. The interface 
of D/A plays a critical role in the dissociation of photoexcited excitons. The generally 
accepted PCT mechanism is the following: Upon photon absorption in the donor polymer 
chain (and acceptor to a lesser degree because of its weak absorption cross section), 
singlet excitons (bound electron-hole pairs) are created on the chains which may diffuse 
to the D/A interface, and finally dissociate due to energy difference between the LUMOs 
of donor and acceptor materials. 
Originally photoinduced charge transfer at the interface of D/A in organic 
semiconductors was considered as single step process [8, 72], but over the years it was 
realized that it is facilitated via a charge transfer (CT) state which lies at the interface of 
D/A materials [73-77]. The presence of this CT state has been observed by near-ir 
photoluminescence, near-ir electroluminescence, and electroabsorption spectroscopy. In 
addition, these low lying CT states at the interface of D/A can be directly excited by 
photon energy below the band-gap of donor or acceptor constituents [74, 75]. 
In the case of a bulk heterojunction type solar cell, the morphology of D/A blend 
film plays a decisive role on the ultimate power conversion efficiency of the cell. For 
instance, RR-P3HT/PCBM blend forms nanocrystalline domains [78-80] of donor and 
acceptor materials, and solar cell based on this structure shows improved power 
conversion efficiency of the order of 5-6%. On the other hand, RRa-P3HT/PCBM blend 
is mixed on the molecular level [81], and the solar cell based on this blend shows poor 
power conversion efficiency of <0.5%. Figure 3.3(a) shows the transmission electron 
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microscopy (TEM) images of RR-P3HT/PCBM (1.2:1) annealed film, which contains the 
nano-domains (~50 nm) of PCBM network. When this nano structure is compared with 
the TEM images of RRa-P3HT/PCBM (1.2:1) film, shown in Figure 3.3(b), it is clear that 
there is no phase separation of polymer and PCBM in RRa-P3HT/PCBM blend. In fact, 
RRa-P3HT polymer and PCBM are mixed uniformly. 
3.2 Electroabsorption of P3HT/Fullerenes 
Our aim of using the electroabsorption (EA) technique for the P3HT/Fullerene 
blend film is to explore the CT states lying at the interface of D/A, below the band-gap of 
the polymer and fullerene constituents. EA measurement can reveal 'buried' optical 
transitions that are coupled by a dipole transition. Here we discuss three different 
mixtures of RR-P3HT with PCBM, JAL and HAB. EA of RR-P3HT/PCBM was 
measured by Dr. Tomer Drori [82]. Figure 3.4(a) shows the EA of RR-P3HT/PCBM 
(1.2:1) that reveals a new CT state below the gap due to RR-P3HT and PCBM interaction 
in the D/A interface. A broad derivative-like feature can be seen in the spectral range 
from 1.2 to 1.8 eV, having three modulated peaks within the band. Figure 3.4(b) and 
Figure 3.4(c) show the EA spectra of RR-P3HT/JAL (1.2:1) and RR-P3HT/HAB (1.2:1), 
respectively. These EA spectra also show a similar derivative-like feature between 1.2 to 
1.8 eV to that in the RR-P3HT/PCBM EA spectrum. Similar below-gap CT states have 
also been seen in various D/A mixtures [74, 75, 82, 83]. Hence these blends can be 
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Figure 3.4: Electroabsorption (EA) spectra of (a) RR-P3HT/PCBM [Adapted from Ref. 
[82]](b) RR-P3HT/JAL (c) RR-P3HT/HAB blends. For clarity, the magnified nearir 
spectra are plotted together with EA spectra. 
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3.3 Ultrafast measurements 
3.3.1 Ultrafast photophysics of RR-P3HT polymer 
Figure 3.5(a) shows the ultrafast photomodulation (PM) spectrum of pristine RR-
P3HT film in a broad probe spectral range of 0.2-2.5 eV upon excitation at 3.1 eV, above 
the polymer band gap The broad probe spectral range is covered using two different laser 
set-up (mentioned in experimental section): low intensity laser (0.2-1.1 eV) and high 
intensity laser (1.2-2.5 eV). Upon excitation of the polymer, two different kinds of 
species are created—charge polaron and neutral exciton. The PM spectrum contains 
various PA and PB bands: PI, P2, PA1, EA and PB. PI and P2 are due to charge 
polarons, and PA1 is due to neutral singlet excitons; we note that the PM spectrum does 
not contain the stimulated emission band known to exist in PM spectra of other polymer 
films [84, 85]. PB is the ground state reduced absorption (by population reduction) that is 
also called photobleaching. The EA band looks like the lowest optical feature in the 
electroabsorption spectrum of this polymer film, and thus might be the result of 
photorefractive effect in the polymer [86]. In the present study, we will not thoroughly 
discuss this EA band. 
Figure 3.5(b) shows the transient decay behavior of the bands PI, P2, PA1 and 
PB; their respective fitted time constants are reported in Table 3.1. PI and P2 decay 
together, with a time constant of ~ 250 ps. In contrast PA1 decays faster with a shorter 
time constant of ~15 ps , whereas PB follows the same decay dynamics as PA1, i.e., 
singlet excitons. Therefore it is clear from the various decay dynamics that upon 
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Figure 3.5: Transient photomodulation (PM) measurement of RR-P3HT film, (a) 
Transient PM spectrum at t = 0 ps. (b) Transient normalized decays of their respective 
bands PI, P2, PA1 and PB. 
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Table 3.1: The transient decay parameters (lifetimes and relative weight contributions) of 
the PA and PB bands in the PM spectrum of RR-P3HT film. 
Band Time Constants (T) 
PI — 240 ps 
P2 300 ps 
PA1 15 ps (24%), 170 ps (76%) 
PB 7 ps (24%), 230 ps (76%) 
instantaneously, but the neutral species that are singlet excitons decay faster than the 
charge species or polarons. 
3.3.2 Ultrafast photophysics of PCBM film and 
isolated molecules 
Although the absorption of PCBM film at the excitation energy of 3.1 eV is weak 
compared to that in P3HT polymer, and thus may not contribute much to the blend 
photophysics. Nevertheless it would be worthwhile to look into the PM spectrum of 
pristine PCBM film before we discuss the PM spectrum of P3HT/PCBM blend. Figure 
3.6(a) shows the ultrafast PM spectra of PCBM film at t = 0 ps and 100 ps in the 
visible/near-ir spectral range. Two PA bands appear in this spectral range: Ex at 2.25 eV 
and CT at 1.8 eV. Their different decay dynamics indicate that these PA bands belong to 




t = 0 ps # 
i 
• E x $ 
\ 
• ts-mnns t = 100ps 
1.2 1.4 1.6 1.8 2 2.2 2.4 
Photon Energy (eV) 
0 100 200 300 400 500 600 700 800 
t (PS) 
Figure 3.6: Transient PM measurement of PCBM film, (a) Transient spectra at t = 0 ps 
and 100 ps showing two bands, Ex and CT (b) the time decay of these bands and their 
fitted parameters are given in inset. 
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transient decay, having decay constants as given in the inset table. The CT PA band at 
-1.8 eV decays much slower compared to the Ex PA band at -2.26 eV. In order to find 
the origin of these different PA bands, the PM spectra of PCBM molecules were also 
studied. 
Figure 3.7(a) shows the ultrafast spectra of PCBM, JAL and HAB films in the 
Vis/near-ir spectral range at t = 0 ps. The two PA bands, namely Ex and CT, also exist in 
the PM spectra of JAL and HAB films. This shows that JAL and HAB have similar 
photophysics to those of PCBM. 
Figure 3.7(b) shows the PM spectra of PCBM molecules at t = 0 ps and 100 ps in 
the visible-near-ir range. The film was drop cast from a solution of polystyrene with 1% 
(by weight) PCBM addition. At such a low concentration of PCBM, we assume that most 
of the PCBM molecules are isolated in the polystyrene matrix. The PM spectra contain 
only the Ex PA band at -2.4 eV, which decays much slower compared to that in the film. 
Since it is known that the primary excitations in the PCBM molecule are Frenkel type 
singlet exciton, therefore the Ex band in the film originates from singlet excitons. A 
similar argument, but the opposite conclusion follows the CT PA band - its absence in 
the PM spectrum of isolated PCBM molecules shows that this is due to charge transfer 
species in the film. The occurrence of CT excitons in the films but not in isolated 
fullerene molecules is justified, because neighboring fullerene molecule in the films may 





t = 0 ps 
1.2 1.4 1.6 1.8 2 2.2 2.4 
Photon Energy (eV) 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 
Photon Energy (eV) 
Figure 3.7: Transient PM spectra of (a) PCBM, JAL and HAB films at t = 0 ps (b) 
PCBM molecule (1% by weight) in the polystyrene matrix at t = 0 ps and 100 ps. 
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3.3.3 Ultrafast photophysics of RR-P3HT7PCBM film 
The ultrafast PM spectra of RR-P3HT/PCBM (1.2:1) annealed sample is shown in 
Figure 3.8(a) upon excitation at 3.1 eV. The initial PM spectrum at t = 0 ps looks very 
similar to the spectrum of pristine RR-P3HT polymer film - we again observe PI, P2, 
PA1 and PB bands; this indicates that even in the blend system most of the absorption 
occurs in the polymer phase. However, the decay dynamics of these PA bands are 
different from those in the pristine polymer. The PM spectrum at t = 50 ps in the spectral 
range of 0.25-1.1 eV shows that PA1 disappears completely, whereas the band PI decays 
much slower. We also note that PI, which is due to polarons, does not increase on the 
expense of PA1 decay. The PM spectrum at t = 300 ps in the range of 1.2-2.4 eV shows 
an appearance of a new band, dubbed PA' at —1.75 eV. The transient decays of the 
various PA bands are shown in Figure 3.8(b); their corresponding time constants are 
given in Table 3.2. PI and P2 polaronic bands in the blend decay slower than in the 
pristine film, and could be fit with a single exponential decay of-520 ps. In contrast PA1 
of singlet exciton in the blend decays faster than in the pristine film presumably due to 
dissociation of exciton at the donor/acceptor interface. It is fitted with double exponential 
decay of 6 ps (43%) and 43 ps (57%). The initial decay of PB (photobleaching) in fact 
follows the PA1 decay, indicating that it is dominated by excitons in the polymer phase. 
In addition, the new band PA' rise time exactly matches with the decay of PAL For a 
better comparison the negative of PA' (-PA') decay is compared with that of PA1 band in 
Figure 3.9; it is clear that their dynamics exactly match. 
We focus on two important things that need be mentioned in the ultrafast 
photophysics of the blend: (a) There is no build-up of polaron bands, PI and P2, at the 
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Figure 3.8: Transient PM measurement of RR-P3HT/PCBM film, (a) Transient PM 
spectra at t = 0 ps, 50 ps & 300 ps showing different bands of PI, P2, PAL PA' and PB 
and (b) the transient normalized decays of different bands PI, P2, PA1 PA' and PB. 
63 
Table 3.2: The transient decay parameters (lifetimes and relative contributions) of 
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520 ps 
6 ps (43%), 43 ps (57%) 
6ps(43%),>1.5ns(57%) 
Same as PA1 
100 
Figure 3.9: The transient decay of bands PA1, [-PA'] and PB of the RR-P3HT/PCBM 
film are compared. 
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expense of dissociation of exciton, PAL According to the assumed photovoltaic model, 
the decay of exciton (i.e., their dissociation) should be mirrored by a build-up of polarons 
in the polymer, (b) The rise of PA' band exactly matches with the decay of the exciton 
band PA1, and we note that PA' does not belong to the polymer phase (as seen in the PM 
spectrum of the pristine polymer). These two arguments support the idea that PA' 
originates neither from the polymer domain nor from the interface of donor/acceptor. On 
the contrary it should be related with the PCBM phase. On closely observing the PM 
spectra of PCBM film, there is in fact a CT band at -1.8 eV. Therefore, we believe that 
the majority of photogenerated excitons in the polymer phase do not dissociate at the 
interface of D/A upon their arrival, but are transferred to the PCBM phase as charge 
transfer (CT) excitons. The CT excitons in the PCBM phase may further dissociate, 
whereby electrons may remain in the fullerene phase and a hole may come back into the 
polymer phase as positive polarons in the chains. 
Ultrafast photophysics of RR-P3HT/PCBM was also completed by Hwang et 
al.[87], in the probe range of 1.1-2.1 eV, but some of their interpretations are very 
different from ours, presumably due to the narrower spectral range that they used. They 
assumed a two- step process for the charge generation in the blend, where CT state at the 
interface plays an intermediate step. According to this model, the build-up PA' is due to 
release of bound polaron into mobile polaron in the polymer, and the rise time was 
measured to be ~4 ps, much faster than in our measurements. In addition their PM 
spectrum goes to zero at —1.0-1.1 eV, which is the range of PA1 band. On the contrary, 
we found here that the PA1 band ~1 eV initially survives upon blending, while its decay 
exactly matches the rise of PA' band. 
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In order to study the effect of electric field due to the built-in voltage in a real 
photovoltaic device structure, the ultrafast photophysics of RR-P3HT/PCBM (1.2:1) 
blend was also studied, in the reflective mode in OPV device structures. 
3.3.4 Ultrafast measurement of RR-P3HT/PCBM blend in 
OPV device structure 
In the actual photovoltaic device structure Glass/ITO/PEDOT/RR-P3HT+PCBM 
(1.2:l)/Al an internal built-in electric field (Eb) is formed due to difference in the work 
functions of the electrodes. In order to study the effect of the electric field on the 
photophysics of the active layer, PM spectra of blend (in the given device structure) were 
measured in the Vis-NIR spectral range, but in reflective mode. Figure 3.10(a) shows 
the PM spectrum of the P3HT/PCBM blend in a device structure. The PM spectrum and 
its dynamics are in fact similar to those in blend film. In particular Figure 3.10(b) shows 
the rise of band PA' that also dominated the dynamics at 1.75 eV, also in the presence of 
Eb. We thus conclude that the exciton energy transfer from the polymer phase to the 
fullerene phase is generic; it definitely also occurs in real devices, and therefore needs be 
taken into account in discussing charge photogeneration in real OPV devices based on 
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Figure 3.10: Transient PM measurement of RR-P3HT/PCBM film in the device structure 
of Glass/ITO/PEDOT/RR-P3HT+PCBM (1.2:l)/Al. (a) Transient spectra at t = 0 ps and 
100 ps showing PA' and PB bands, and (b) the transient decay of PA'. 
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3.3.5 Ultrafast photophysics of RR-P3HT7PCBM (1.2:1) blend 
with below-gap excitation 
The electroabsorption measurements discussed above have shown the presence of 
charge transfer state at the interface of D/A in the blend, below the band-gap of the 
polymer and fullerene constituents. Therefore, below-gap excitation is possible in the 
blend and in fact would resonantly excite the CT state at the interface. Moreover the 
ultrafast PM spectrum would preferentially show photoexcitations at the D/A interface. 
Figure 3.11(a) shows the PM spectra of RR-P3HT/PCBM (1.2:1) blend upon excitation at 
1.55 eV. The spectrum contains polaronic bands, PI & P2, and photobleaching, PB; but 
no excitonic PA bands. The photogenerated polarons resides at the D/A interface of the 
RR-P3HT polymer/fullerene domains. Figure 3.11(b) shows the comparison of PA signal 
at -1.8 eV upon excitation with above-gap and below-gap pump photon energy. It is clear 
that there is no PA' 'build-up' associated with the below-gap excitation case. This proves 
our statement that the build-up of PA' band (in above-gap excitation) is the result of 
singlet exciton decay in the polymer as reflected by the PA1 dynamics. 
3.3.6 Ultrafast photophysics of RR-P3HT/JAL and /HAB (1.2:1) 
blends 
The ultrafast photophysics of different blends (RR-P3HT with PCBM or JAL or 
HAB) are not very different from one another. Figure 3.12 shows the PM spectra of RR-
P3HT/PCBM, RR-P3HT/JAL and RR-P3HT/HAB, respectively, in the Vis/near-ir probe 
spectral range. These PM spectra are similar to each other except that the geminate 
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Figure 3.11: Transient PM measurement of RR-P3HT/PCBM film, (a) Transient spectra 
at t = 0 ps and 100 ps, when excited at 1.55 eV, showing different bands of PI, P2 and 
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Figure 3.12: Transient PM spectra of (a) RR-P3HT/PCBM (1.2:1) film (b) RR-
P3HT/JAL (1.2:1) film (c) RR-P3HT/HAB (1.2:1) film at different times 
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recombination (-1.3 eV, P2 band) is faster in the case of the P3HT/HAB blend. Figure 
3.13 shows the comparative transient decays of different bands in these three blends. It is 
clear that the only difference in decays appear for P2 band (-1.3 eV), and their decay 
time constants are in the decreasing order of JAL > PCBM > HAB. The decay dynamics 
of other bands-PAl, PA' and PB- are approximately the same. We have found that the 
solar power conversion efficiency of photovoltaic devices made from these blends is also 
in the decreasing order of JAL > PCBM > HAB, which is consistent with the decay of P2 
band. We thus conclude that ultrafast geminate recombination is an important factor that 
governs the OPV conversion efficiency. In fact by studying P2 decay in the blend, one 
may be able to investigayte this fast process and thereby improve the OPV cell operation. 
3.3.7 Effect of spin-1/2 radical on the ultrafast photophysics 
of RR-P3HT7PCBM (1.2:1) 
The success of bulk heterojunction photovoltaic devices compared to bilayer 
devices lies in the enhanced interfacial area of the donor-acceptor nano-sized domains, 
which is important for enhanced exciton dissociation. However the increased interface 
area between the donor and acceptor phases in the blends provides additional surface 
recombination channels (both geminate and nongeminate) of the loosely bound polaron-
pairs [74, 88-90], and consequently limits the power conversion efficiency, n; this holds 
true even after taking into account the exciton dissociation into free electrons and holes 
that leads to photoluminescence quenching. 
We found that the addition of few weight percentage of a spin lA organic radical 
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Figure 3.13: The transient decay of RR-P3HT/(PCBM or JAL or HAB) (1.2:1) film at 
(a) 1.3 eV, (b) 2.26 eV, and (c) 1.77 eV 
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process of photogenerated polaron-pairs in the blend system of RR-P3HT/PCBM (1.2:1). 
Consequently most of the typical parameters that characterize the photovoltaic (PV) solar 
cell made from this blend mixture as the active layer in fact improve, and consequently 
the power conversion efficiency of such cells dramatically increases by about 10% 
compared to the undoped blend reaching ~ 4.2 % (as shown in Table 3.3). 
The transient PM spectrum of the RR-P3HT/PCBM blend film has already been 
discussed in section 3.3.3. We also note that the initial PM spectrum does not change 
much upon adding the radical impurities to the blend, and thus monitoring the transient 
decay at several wavelengths is sufficient to get information about the carrier dynamics in 
the radical-doped blends. We mainly focus on two distinct PM bands, namely, 
photobleaching (PB) in the range of 2.0-2.4 eV; and P2 in the near-IR at ~ 1.3 eV [66, 
67]. From the cw and optically-detected magnetic resonance studies in our group we 
identify P2 as due to photogenerated hole-polarons in the P3HT polymer chains. In the 
present spin-1/2 radical study we focus on the PB and P2 spectral features. These bands 
decay with time, and we analyze their transient dynamics in terms of ultrafast geminate 
recombination. 
Figure 3.14(a) shows the PB decay at 2.26 eV for different radical-doped blend 
films at 0, 3 and 10 % radical impurities. The decay of PB at 2.26 eV is directly related to 
the ground state recovery of all excited species, including neutral excitons and charge 
polarons, in the P3HT polymer, since neither PCBM nor Galvinoxyl strongly absorb in 
this spectral range. Consequently the fast decay component of PB is related with decay of 
exciton in the P3HT polymer, but also hole polaron decay in the polymer contribute to it. 
We note that the contribution of fast polaron decay rate observed in pure P3HT decreases 
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Table 3.3: The transient decay parameters (lifetime and relative contribution) and 
photovoltaic device parameters of annealed RR-P3HT/PCBM (1.2 : 1) films with 
different % of Galvinoxyl radical impurities 
„ . . , Transient Transient r
 TZ Fill- „„„ . 
Galvinoxyl
 a( m <>sc ^ Voc ^ ^ Efficiency (/o)
 2.26eV 1.3eV (mA/cm) (V)
 (0/o) (/<>) 
7ps (47%) 62ps (32%) 
>5ns (53%) >5ns (68%) 11.3 0.57 55 3.5 
3 * " 0 ? % ) *>»<i«*> 12.7 0.58 60 4.2 
>5ns (67%) >5ns (84%) 
7ps(28%) 63ps(10%) 
U
 >5ns(72%) >5ns(90%) U < U,° ^ ° 
upon adding the radical impurities to the blend. We fitted these decays using a double 
exponential decay function that contains a short (~7 ps) and long (> 5 ns) lifetime 
components. The best-fit lifetimes and relative weight contributions of the double 
exponentials are given in Table 3.3. PB decay indicates that the addition of radical 
impurities to the blend reduces the contribution of short time hole polaron recombination 
loss in the P3HT chains in the blend. 
Figure 3.14(b) shows the decay of P2 band at 1.3 eV for the various radical-doped 
blend films; similar to Figure 3.14(a). P2 is associated with excited state absorption from 
the polaron species in the polymer chains [66, 67], and consequently its decay dynamics 
show the reduction in polaron density with time due to geminate (fast) recombination. 
From transient measurements of pure PCBM film we verified that polarons in PCBM 
film do not have strong PA in this spectral range. P2 decay dynamics are again fitted with 
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Figure 3.14: The transient decays in RR-P3HT / PCBM (1.2 : 1) films mixed with 0, 3 
and 10% of Galvinoxyl impurities measured at (a) 2.26 eV (PB), and (b) 1.3 eV (P2). The 
inset to (a) shows the chemical structure of Galvinoxyl radical impurity. 
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P2 decay also contains a short (~ 68 ps) and long (> 5 ns) lifetime components, and their 
contributions change with % of radical added. The important discovery here is that the 
addition of radical impurities to the blend reduces the geminate (fast) recombination of 
hole polarons in the P3HTphase of the blend. 
The effect of Galvinoxyl radical on the rate of geminate recombination might be 
explained as follows. Galvinoxyl is a spin Vi radical, and this opens up the possibility of 
spin-spin interaction with the photogenerated species in the blend. In particular we 
speculate that the radical spin may interact with the electron and hole spins that are in the 
"singlet" configuration in the photogenerated PP species that exist at the interface of 
P3HT and PCBM as shown in Figure 3.15. This spin-spin interaction may cause a spin 
flip of one of the locked spins in the PP singlet configuration. Consequently the bound PP 
may undergo a fast intersystem crossing into the spin-triplet configuration that 
traditionally is longer-lived. The triplet PP species would therefore be more susceptible 
for efficient dissociation at later time into free electron- and hole-polarons in the PCBM 
and P3HT polymer phases, respectively, and this increases the photogenerated current 
density in the organic photovoltaic (OPV) devices made of these radical/blend mixtures. 
To see the effect of reduction in geminate recombination rate of polarons due to 
the spin V2 radical impurities in OPV devices, we fabricated OPV devices based on 
radical/blend mixtures films, with various radical percentages as an active layer. The 
device characteristic parameters such as short-circuit current density, Jsc, fill-factor, open 
circuit voltage and power conversion efficiency are given in Table 3.3. As seen, the 
devices show increase in all typical parameters at - 3 % addition of radical, especially in 
Jsc, which is consistent with the reduction in geminate recombination rate that we found 
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Figure 3.15: Schematic diagram of our assumed model for spin-spin scattering due to 
spin-1/2 radical, Galvinoxyl, with singlet exciton at the interface of P3HT/PCBM 
here by the obtained ultrafast decays. The OPV parameters, however, start decreasing at 
10% radicals, which might be due to change in morphology of the blend film at higher 
percentage of radicals that should decrease carrier mobility. The reduction in Jsc and FF 
of solar cells with 10% radicals supports this conclusion. 
The photovoltaic devices based on RR-P3HT/ PCBM (1.2:1) have shown high 
power conversion efficiency (-6%), but on the other hand, devices based on RRa-P3HT/ 
PCBM (1.2:1) have poor power conversion efficiency (<0.5%). In order to resolve this 
huge change in power conversion efficiency in terms of photophysics, we studied pristine 
RRa-P3HT polymer and RRa-P3HT/ PCBM (1.2:1) blend system also. 
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3.3.8 Ultrafast photophysics of RRa-P3HT polymer 
Unlike RR-P3HT, RRa-P3HT polymer does not form lamellae structure due to 
hindrance of side groups, and its photophysics is similar to other rc-conjugated 
luminescent polymers. Figure 3.16(a) shows the ultrafast PM spectra of RRa-P3HT film 
at t = 0 ps and 200 ps in the 1.24-2.2 eV probe range. There are two main bands, namely 
stimulated emission, SE in the range of 1.75-2.1 eV, and PAlin the range (<1.3 eV). 
Figure 3.16(b) shows the normalized decay of SE and PA1 with the fitting decay 
constants in the inset; the decay dynamics are similar to each other. And since SE exists 
only for excitons, we conclude that these PA bands are due to singlet excitons. The PM 
spectrum in RRa-P3HT can be compared to that of RR-P3HT. It is interesting to note that 
there are no photogenerated polarons in the former; this shows the importance of lamella 
formation, and in general interchain interaction in charge carrier photogeneration process 
in polymer films. 
3.3.9 Ultrafast photophysics of RRa-P3HT/PCBM (1.2:1) 
3.3.9.1 Above-gap excitation 
When RRa-P3HT is mixed with PCBM, it has been shown that it does not form 
donor/acceptor phase separation to such a degree as RR-P3HT/PCBM blend. In fact the 
polymer chains and PCBM molecules mix homogeneously throughout the film. In this 
case we do not expect the photogenerated excitons in the polymer chains of the RRa-
P3HT blend to last very long. Figure 3.17(a) shows the ultrafast PM spectrum of RRa-
P3HT/PCBM (1.2:1) film at t = 0 ps upon excitation at 3.1 eV, above the polymer band-
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Figure 3.16: Transient PM measurement of RRa-P3HT film, (a) Transient spectra at t = 1 
ps and 200 ps, showing two bands PA1 and SE (b) the decay dynamics of these bands. 
Inset of (b) shows the fitting parameters. 
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is also a small PA1 band due to singlet exciton at ~ leV, but is not clear in the PM 
spectrum due to its short life time (-0.4 ps). Figure 3.17(b) shows the decay dynamics of 
PA1, CT1 and CT2. PA1 decays very fast with lifetime of-0.4 ps, and simultaneously 
CT1 and CT2 bands build-up. Since CT1 and CT2 are not due to excitons in the polymer, 
and they are created on the expense of singlet excitons, we interpret them as due to bound 
polaron pair transitions on the polymer and fullerene molecule, coming from a CT state. 
In order to understand the origin of these CT transitions, the active layer is also excited 
below-gap. 
3.3.9.2 Below-gap excitation 
Figure 3.18(a) shows the ultrafast PM spectrum of RRa-P3HT/PCBM (1.2:1) film 
at t = 10 ps in the range of 1.24-2.22 eV where the sample is excited below-gap at 1.55 
eV; the above-gap spectrum is also shown for comparison. Both above-gap and below-
gap excitation PM spectra are very similar to each other. In addition the normalized 
decay dynamics at 1.7 eV (CT2) and at 1.24 eV (close to PA1) are also the same, except 
the fast decay of singlet exciton in the above-gap excitation shown in Figure 3.18(b) and 
(c), respectively. These results indicate that the above gap and below-gap excitations 
yield the same kind of photoexcitation species in the RRa-P3HT/PCBM (1.2:1) film, 
following the dissociation of the singlet exciton (within - 0.4 ps in the former case). 
Drori et al.[74] demonstrated that below-gap excitation creates only bound 
polarons in the donor/acceptor blends, and their contribution toward photocurrent is very 
small compared to above-gap excitation. Since in RRa-P3HT/PCBM (1.2:1) film the PM 
spectra of above- and below-gap excitations are the same, then they must be due to the 
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Figure 3.17: Transient PM measurement of RRa-P3HT/PCBM (1.2:1) film, (a) Transient 
spectrum at t = 0 ps showing different bands of CT1, CT2 and (b) the transient 
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Figure 3.18: Comparison of above gap (3.1 eV) and below gap (1.55 eV) excitation of 
RRa-P3HT/PCBM (1.2:1) film (a) PM spectra at t = 10 ps; (b) transient decay dynamics 
atl.7eV;and(c)atl.25eV 
82 
CT excitons that do not separate into mobile polarons. This explains the poor 
photovoltaic performance of the RRa-P3HT/PCBM (1.2:1) active layer all across solar 
spectrum. 
3.4 Conclusions 
We have studied in detail the ultrafast photophysics of P3HT (both RR and RRa) 
and fullerenes (three derivatives: PCBM, JAL and HAB). JAL and HAB derivatives 
show a similar kind of photophysics as isolated molecules and film forms, with 
photogenerated intramolecular exciton in the former, and intramolecular excitons and CT 
excitons in the latter form. The only difference that appears is in their blend with P3HT 
polymer — geminate recombination is higher in the case of RR-P3HT/HAB blend 
compared to the PCBM and JAL blends, and this is reflected in the photovoltaic devices 
made of these blends, where RR-P3HT/HAB blend shows poor power conversion 
efficiency compared to PCBM and JAL blends. 
The photophysics of RR-P3HT/PCBM blend is very different from that of RRa-
P3HT/PCBM blend because of phase separation of polymer and PCBM in the former 
blend, namely the formation of RR-P3HT and PCBM nano-sized domains. The 
photophysics in the two blends is explained in Figure 3.19, which summarizes the effect 
of nano-sized domains on the photophysics of these blends. In case of RRa-P3HT/PCBM 
blend, there is no formation of nano-sized domains and the polymer and fullerenes are 
mixed uniformly. Therefore the polymer is excited either at the interface of D/A or very 
close to the interface. We found that the photogenerated excitons disappear in record time 
within 0.4 ps, and at the same time charge transfer state appears at the interface of D/A. 
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Figure 3.19: Schematic diagram of model for the photophysics of P3HT7Fullerenes 
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Moreover, the above-gap and below-gap excitations form the same PM spectrum and 
decay dynamics. These findings indicate that in case of RRa-P3HT/PCBM tightly bound 
polarons are created upon photon absorption irrespective of the excitation photon energy. 
This explains the poor photocurrent generation in the RRa-P3HT/PCBM blend. This 
mechanism is explained by path-I in Figure 3.19. 
In contrast RR-P3HT/PCBM blend film follows path II in Figure 3.19. The 
excited singlet excitons on the polymer chains diffuse to the interface in longer time (~6 
ps) compared to that in RRa-P3HT/PCBM blend because of the finite size of the 
nanodomain of the polymer. The majority of the excitons in this case enter into the 
PCBM domains in the form of charge transfer state (with characteristic PA band of PA' ~ 
1.75 eV), where they dissociate at longer time. Since the presence of polaron band PI is 
observed in CW PM measurement, it indicates that some of the positive polaron from the 
PCBM network come back to the RR-P3HT polymer domains. This finding has been 
confirmed by Light Induced Electron Spin Resonance (LESR) measurements, where Mrs. 
Golda Hucik found two unequal numbers of spins, with different g-factors. 
The minority of excitons go through path I, namely they dissociate at the interface 
of D/A, and consequently positive and negative polarons are created in the polymer and 
PCBM domains, respectively, rather instantaneously. The existence of this mechanism is 
confirmed by the effect of spin-1/2 radical on the geminate recombination of polymer 
polarons. 
CHAPTER 4 
DECAY SPECTROSCOPY OF PHOTOEXCITATIONS 
IN PPV-DERIVATIVE POLYMERS AT AMBIENT 
AND HIGH HYDROSTATIC PRESSURE 
This chapter is divided into two parts: (a) ultrafast transient polarized 
photomodulation (PM) in the visible/near-infrared range, and polarization memory decay 
(PMD) spectroscopy for studying the primary photoexcitations in films and solutions of 
two poly(phenylene-vinylene) [PPV] derivatives; namely 2-methoxy-5-(2'-
ethylhexyloxy) PPV [MEH-PPV], and 2,5-dioctyloxy PPV [DOO-PPV] at ambient 
pressure, (b) Ultrafast transient PM of MEH-PPV films at high hydrostatic pressure (up 
to 100 kbar) in the visible/near-infrared spectral range. 
4.1 Materials 
The chemical structures of DOO-PPV and MEH-PPV polymers are shown in 
Figure 4.1(a) and 4.1(b), respectively. DOO-PPV was synthesized in-house [93], whereas 
MEH-PPV powder was bought from American Dye Corp. Both polymers were dissolved 
in toluene with concentration of 0.1 mg/ml for the solutions, and 5 mg/ml for the films. 
The polymer films were drop cast from the solution, and subsequently dried at 50 °C for 
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Figure 4.1: Chemical structures of DOO-PPV and MEH-PPV polymers. 
1 hour in vacuum to remove any solvent left. 
4.2 Polarization memory decay spectroscopy of 
photoexcitations in PPV-derivative 
polymers 
In the last two decades rr-conjugated polymers have been used as active layers in 
a variety of optoelectronic devices such as light emitting diodes, solar cells, photo-
detectors, lasers, and light emitting field-effect transistors [1, 2, 94]. Among the variety 
of ^-conjugated polymers, poly(phenylene-vinylene) [PPV] and its soluble derivatives 
have shown high photoluminescence (PL) quantum efficiency, and therefore these 
polymers have been excellent candidates to be utilized as active layers in 
electroluminescence devices. From the application point of view their photophysics is 
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crucial, and hence the PPV derivatives have been the subject matter of a large body of 
experimental and theoretical research studies [84, 95-98]. In spite of these efforts, there 
has still been an intense debate on the nature of the primary photoexcitations in these 
polymers. There is a consensus that the primary photoexcitations in PPV derivative 
polymers in dilute solutions are intrachain singlet excitons. However in films of PPV 
derivatives, due to the increased interchain coupling, species other than intrachain 
excitons may also be instantaneously photogenerated [84]. Some of these other species 
discussed in the literature are polaron pairs, excimers, and free polarons [84, 95-98]. 
These various photoexcitations have associated signature optical transitions, and thus 
their identification in the transient photomodulation (PM) spectra has been attempted 
based on their characteristic below-gap photoinduced absorption (PA) bands [1, 84]. 
Among the various instantaneously generated photoexcitations, however, only the 
intrachain exciton has been unambiguously identified due to the correlation of its 
characteristic PA bands with a stimulated emission (SE) band in the PM spectrum [1, 97]. 
But the other interchain species have always been hotly debated due to their intimate 
relation with the interchain interaction strength in the films, which varies substantially 
depending on the nature of side groups, solvent, and processing conditions used for the 
film fabrication, as well as different intensity of the pump laser excitation [99-101]. 
Recently an elegant theoretical investigation has been completed [102], in which 
the eigenstates of two coupled polymer chains having interchain interaction of various 
strengths were calculated. The basic Hamiltonian used in the calculation included both 
intrachain and interchain transfer integrals (ty and ti, respectively), as well as electron-
electron and electron-hole interactions that were taken into account in a realistic way. 
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Based on these calculations it was concluded that when ti/ty > 0.1, then the lowest excited 
state of the coupled chains is an excimer, where the charge ionicity,/on the two coupled 
chains varies between 0 < / < 1. There are also states of polaron pair character with/= 1, 
and intrachain excitons with/= 0, but these states lie above the lowest excimer state. The 
excimer characteristic PA bands were also calculated [102]. Although the emphasis in 
that work was mainly on the excimer lowest energy PA band, PA', which actually red-
shifts with respect to the PA band of the intrachain exciton, PAi; a higher energy PA 
band is also anticipated for the excimer species at energy higher than that of PAi. It thus 
remained experimentally unsettled whether excimers are indeed photogenerated in 
polymer films; a profound experimental verification is necessary to validate the 
theoretical calculation. 
Due to the quasi one-dimensional nature of the Tt-conjugated polymer chains, 
most photoexcitation-related characteristic PA bands show anisotropic polarization 
behavior, which may be measured by the technique of polarization memory decay (PMD) 
kinetics, P(t) [103]. In our earlier work of ultrafast transient PM spectroscopy of various 
7i-conjugated polymers [84], we found a relationship between the lifetime, xp of the 
photoexcitations PMD, and the interchain coupling strength of the polymer chains in the 
film, namely, the larger is the ratio tj_/t||, the smaller is ip. Furthermore the PMD kinetics 
technique may be an ideal tool to discern between the various photoexcitation species in 
polymer films. We expect fast PMD kinetics for intrachain excitons and free polarons, 
since these species are very mobile among the polymer chains in the film. However the 
excimers and polaron-pair species should be more localized in places along the chains 
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where the interchain distance between neighboring chains is the smallest, and 
consequently their binding energy (mainly Coulombic in nature) is the largest and this 
increases their stability. Of the two interchain photoexcitations, however, the excimer is 
the least mobile specie, since it is a quantum state based on the interchain transfer 
integral in addition to the Coulomb binding, and thus it is more sensitive to the interchain 
distance [104]. Therefore very slow PMD kinetics should characterize the excimer 
photoexcitations. 
In this chapter we report the transient photomodulation (PM) spectra in the 
visible/near-infrared range from 1.25 to 2.55 eV, and PMD of various PA bands in the 
PM spectrum in films and solutions of two PPV derivatives, namely 2-methoxy-5-(2'-
ethylhexyloxy) PPV [MEH-PPV], and 2,5-dioctyloxy PPV [DOO-PPV]. We found that 
DOO-PPV solutions and films and MEH-PPV solution mainly support singlet excitons as 
primary photoexcitations, since there is a single PA band in the PM spectrum that is well 
correlated with the SE band, and P(t) lifetime does not change across the PM spectrum. 
In contrast, MEH-PPV films support two kinds of ultrafastphotoexcitations. These are (i) 
intrachain excitons with the same characteristic properties as excitons in DOO-PPV, and 
(ii) interchain species, that we identify as excimers with larger initial polarization 
memory, P(0) and much slower PMD kinetics. We also found that the relatively strong 
interchain coupling in MEH-PPV films influences the PL quantum efficiency and its 
decay, where most of the steady state PL comes from a long-lived component [105,106]. 
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4.2.1 Ultrafast measurement of DOO-PPV film 
Figure 4.2(a) shows the transient PM spectrum of DOO-PPV film at t = 0 ps, 
along with the steady state cw PL and absorption spectra for comparison. The PL 
spectrum contains two bands with peaks at 2.1 eV (0-0) and 1.95 eV (0-1), respectively, 
where the lower energy band (0-1) is a phonon side-band of the main band (0-0). The 
transient PM spectrum shows a single PA band (PAi) that peaks below 1.25 eV (at - 1 .0 
eV [84, 97]), and SE in the spectral range between 1.7-2.3 eV, which is in fact almost a 
mirror-image of the cw PL spectrum [1]. The transient PM spectrum also shows 
photobleaching (PB) in the absorption spectral range of the polymer that is generated in 
the ground state absorption due to the photoexcitations. 
Figure 4.2(b) shows the PMD kinetics of DOO-PPV film at three probe 
frequencies that are related to various spectral features in the PM spectrum; these are 1.35 
eV (PAi), 1.6 eV (~ zero-crossing), and 2.0 eV (SE). The polarization memory initial 
value, P(0), and kinetics are roughly the same for all three probe frequencies, with short 
and long exponential components having lifetime ip ~7, and ~ 70 ps, respectively (Table 
4.1). Moreover the PM decay kinetics shown in Figure 4.2(c), are also roughly the same 
at the three probe frequencies with a two-component decay lifetime XPA ~ 7 and ~ 90 ps 
(Table 4.1). This indicates that the PM spectrum results from a single excited species. 
Since the SE band decay is correlated with that of PAi band, we conclude that the 
primary photoexcitations in MEH-PPV films are intrachain singlet excitons. Also we 
obtained very similar results (except for x) in DOO-PPV in solution (Table 4.1). From the 
PA decay dynamics and the known exciton radiative lifetime, xr ~ 1 ns in PPV derivatives 
[40], we calculate the PL QE efficiency, x\ (= TSE/TI) of DOO-PPV in film and solution to 
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Figure 4.2: Transient PM measurement of DOO-PPV film, (a) Transient PM 
spectrum at t = 0 ps (right axis); various bands such as PAi, SE and PB are assigned. 
The cw PL with 0-0 and 0-1 phonon replica, and absorption spectra are also shown 
(left axis), (b) PMD, and (c) PA kinetics at probe energies of 1.35 (PA0 (diamonds), 
1.6 (zero-crossing) (squares) and 2.0 eV (SE) (circles). The continuous lines are a 
guide to the eye, and for ease of comparison the various decays are shifted vertically 
along with their zero value. Adapted from Ref.[85] 
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Table 4.1: The photophysics parameters of DOO-PPV and MEH-PPV solutions and 
films. The measured and calculated steady state PL QE; and the PM and PMD lifetimes, x 
at various probe frequencies in the transient PM spectra. P(0) is the PM value at t = 0. 
























































































be 22% and 8%, respectively (Table 4.1). The calculated QE is in fact verified by the 
actual PL QE obtained using an integrated sphere (Table 4.1). This shows that the same 
species are photogenerated in films and solutions, where the lower QE in the films is 
probably because of nonradiative channels such as impurities and defects into which the 
excitons may fall, which become operative due to the faster exciton diffusion among the 
polymer chains in the films. 
4.2.2 Ultrafast measurement of MEH-PPV solution 
Figure 4.3(a) shows the transient PM spectrum of MEH-PPV toluene solution at t 
= 0 ps, along with the cw PL and absorption spectra. The PL spectrum shows two peaks 
at 2.21 eV (0-0) and 2.09 eV (0-1), respectively. The transient PM spectrum is similar to 
that in DOO-PPV film and solution having a single PA band PAi that peaks below 1.24 
eV and also SE that is similar, but slightly blue-shifted with respect to the cw PL 
spectrum. Figure 4.3(b) shows the PMD kinetics at three probe frequencies of 1.35, 1.66 
and 2.12 eV; having the same P(0) value and lifetime, TP > 300 ps (Table 4.1). ip value 
here is longer than that in DOO-PPV films, but close to that in DOO-PPV solution (Table 
4.1). From the decay kinetics of the SE spectrum we obtained TSE ~ 230 ps for the exciton 
lifetime, and calculate for the PL efficiency [40] r\ ~ 23 %, which is again in good 
agreement with the measured QE (Table 4.1). As in DOO-PPV film above, a similar 
conclusion can be drawn for the MEH-PPV solution, namely that intrachain excitons are 
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Figure 4.3: Same as in Figure 4.2, but for MEH-PPV solution. 
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4.2.3 Ultrafast measurement of MEH-PPV film 
Figure 4.4(a) shows the transient PM spectrum of MEH-PPV film at t = 0, along 
with the steady state PL and absorption spectra. The cw PL spectrum here is much 
broader than the spectra in DOO-PPV and MEH-PPV solution, but still shows two 
emission bands at 2.13 eV and 2.0 eV, respectively. The enhanced PL width may be due 
to film inhomogeneity, but could be superposition of two types of PL emission, one from 
intrachain excitons similar to solution, whereas the other is red-shifted emission due to 
excimer formation, as originally suggested by Rothberg et al. [105, 107]. However the 
transient PM spectrum in this film shows very different characteristic properties 
compared to those in DOO-PPV film and MEH-PPV solution (Figures 4.2 and 4.3, 
respectively). First, the cw PL is substantially more red-shifted here relative to the two 
peaks in the t = 0 SE(0) spectrum (peaks at 2.25 and 2.05 eV, respectively). The larger 
cw PL red-shift with respect to SE(0) may originate from two different causes: (i) much 
faster exciton migration to lower energy sites exists in MEH-PPV films because the 
interchain coupling (that helps exciton diffusion among the polymer chains) here is 
stronger [97], (ii) There is a lower state (excimer) that is formed for the most strongly 
coupled chains in the film, into which the original intrachain excitons fall [102]. This 
would substantially delay the PL emission from this sample; we indeed measured a rather 
long PL decay component in MEH-PPV films extending into the microsecond time 
domain [108]. We favor the latter scenario, because fast PMD kinetics is not always 
accompanied by a substantial PL red-shift with respect to SE(0), as is the case in DOO-
PPV films discussed above. So the substantial mismatch between the cw PL and SE(0) 
obtained in MEH-PPV film is truly unique, and this requires a novel explanation. 
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Second, in addition to the PAi and SE bands, there is another PA band in the PM 
spectrum of MEH-PPV film, namely PAex at ~ 1.65 eV, which shows very different 
dynamics compared to that of PAi and SE. We directly compare the decay dynamics of 
PAex, SE and PAi by plotting the PM spectrum at t = 0 and 60 ps, respectively (Figure 
4.4(a)). It is apparent that PAex kinetics is much slower than that of PAi and SE bands; 
this is shown more clearly in Figure 4.4(c), and summarized in Table 4.1. Third, the 
PMD kinetics is not the same across the PM spectrum in MEH-PPV film. Figure 4.4(b) 
shows the PMD kinetics at three probe photon energies that correspond to the various 
spectral features in the PM spectrum, namely 1.33 eV (PAi), 1.66 eV (PAex), and 2.0 eV 
(SE). Whereas P(t) decays very fast within the PAi and SE bands, with Tp ~ 3 ps (Table 
4.1), it is much slower for the PAex band, where it hardly decays up to t = 80 ps. 
Similar to the other polymer samples discussed above, we identify PAi and its 
correlated SE in MEH-PPV films as due to intrachain singlet excitons. Then from P(t) 
dynamics for PAi and SE, we conclude that excitons diffusion in MEH-PPV film is very 
fast (tp ~ 3 ps) relative to DOO-PPV film (xp ~ 60 ps), consistent with the increased 
interchain coupling in the former sample. In contrast, P(t) at 1.66 eV (Figure 4.4(b)) first 
shows a fast decay within 10 ps, which is probably due to P(t) decay of the excitons 
component at this probe frequency, which rides on a very slow component (ip > 100 ps). 
Also PAex decay is not correlated with that of SE, and thus does not have as strong a 
dipole coupling to the ground state. Taken together, these findings indicate that PAex is 
not related to the intrachain excitons; instead it belongs to a different photoexcitation 
species, which is not as mobile or as strongly coupled to the ground state. Yan et al. 
reported such a band with a peak at ~ 1.5 eV in another PPV derivative, and identified it 
97 
1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 




Figure 4.4: Same as in Figure 4.2 and 4.3, but for MEH-PPV film at t = 0 and 60 ps, 
respectively. In (a) the new PAex is assigned; and in (b) [(c)]the PMD [PA] kinetics is 
plotted in logarithmical time scale. 
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to be due to interchain polaron pairs [100]. This original interpretation, however, should 
be modified in favor of excimer, since it disagrees with the red-shifted cw PL band 
compared with SE(0) band, as discussed above and also explains the obtained slow PMD 
kinetics of these excitations. 
Another indication that species other than intrachain excitons dominantly 
contribute to the cw PL in the MEH-PPV film is the PL QE. Assuming the same radiative 
lifetime as that of intrachain excitons (namely, xr ~ 1 ns [93]), we calculate from PAi and 
SE lifetimes (~ 10 ps, Table 4.1) PL QE (= TSE/Tr) of ~ 1% in MEH-PPV films. In 
contrast, we measured PL QE of- 12% for this film, and this relatively large QE cannot 
originate from intrachain excitons, which decay very fast. We thus conclude that the 
same long-lived species that is associated with PAex may also radiatively recombine at a 
later time, and thus also contribute to the PL, as indeed measured in our laboratory [108]. 
This interchain species has a much longer radiative lifetime compared with that of the 
intrachain exciton, which might be tracked back to its weaker dipole moment. We 
therefore identify this interchain species as excimer (or interchain charge transfer 
excitons), which is a quantum superposition state of the ionic polaron pair and covalent 
interchain exciton, and is also relatively immobile on the chains. The fact that these 
interchain species appear in ~ 150 fs, which is our time resolution, does not necessarily 
show that they are the 'primary photoexcitations' of the 'coupled chains', since they may 
be created by hot intrachain excitons that dissociate onto different chains during the 
excess energy relaxation process. However the recent theoretical work on 'coupled 
chains' shows [102] that the excimers are indeed the 'primary photoexcitations' of such a 
coupled chain system, and thus we doubt that measurements at time shorter than our time 
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resolution (say with 10 fs resolution [109] would reveal a build-up of the interchain 
species. 
4.2.4 Conclusions 
In summary, we investigated the photoexcited species that contribute to the 
ultrafast transient PM spectrum in the visible/near infrared range in both DOO-PPV and 
MEH-PPV film and solution using transient PM, and a new spectroscopic technique, 
namely the PMD kinetics spectroscopy. We show that the primary photoexcitations in 
MEH-PPV solution and DOO-PPV film and solution are exclusively singlet excitons 
with large SE band. However the ultrafast PM spectrum in MEH-PPV film contains 
another PA band at ~ 1.65 eV, which shows a much slower PA and PMD kinetics 
compared to those of the intrachain excitons. We identify the underlying species as 
excimers, (or interchain charge transfer excitons), which also explains the obtained cw 
PL red-shifted spectrum compared to SE(0) spectrum, and the relatively high PL QE in 
spite of the fast PA decay kinetics of the PA band associated with intrachain excitons in 
these films. Our results also show that PMD spectroscopy is a powerful tool for 
discerning various photoexcitations in the PM spectrum of ^-conjugated polymers. 
4.3 High pressure study of MEH-PPV films 
The present section of this chapter deals with high hydrostatic pressure 
dependence (up to 100 kbar) of the photoluminescence (PL) and ultrafast photophysics of 
MEH-PPV film. Both of these studies show that there are two kinds of polymer chains in 
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the MEH-PPV film; one contains isolated polymer chains, and the other is composed of 
packed chains that are aggregated together. This conclusion is in agreement with the 
results from the previous section. 
4.3.1 Introduction 
The role of interchain interaction has always been a debatable issue in the 
photophysics of jt-conjugated polymers over the last two decades [1]. In the previous 
section "Polarization Memory Decay Spectroscopy of Photoexcitations in n-Conjugated 
Polymers" [110] we found that the MEH-PPV polymer chains in the film form show 
more interchain interaction compared to DOO-PPV polymer, and hence interchain charge 
transfer exciton (or excimer) coexist with intrachain exciton as primary photoexcitations 
in MEH-PPV film. In another work, Sheng et al. showed that in films of substituted 
poly(phenylene-vinylene) [PPV] derivatives [84], a relatively weak transient 
photoinduced absorption (PA) band in the mid-IR spectral range (~0.4 eV) is 
instantaneously generated along with the PA band of the singlet excitons (PAi at ~0.9 
eV). The 0.4 eV PA band was originally assigned to photogenerated polaron-pairs on 
neighboring chains based on the peak position, and correlation with weak photoinduced 
infrared active vibrational (IRAV) modes that appeared, however, only at low 
temperatures [111]. It was subsequently shown [84] that the polaron PG efficiency 
depends on the solvent used, which influences the film nanomorphology [112, 113], as 
well as on the PPV derivative side group. Thus it was concluded that carrier PG 
mechanism in PPV polymers depends on the chain packing in the solid state [84]. 
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In the context of interchain interaction, there has been an elegant study on MEH-
PPV solution in the research group of Prof. Lewis Rothberg, where MEH-PPV solution is 
made in different ratios of 'good' and 'bad' solvents to control the aggregation of chains 
in the solution [94, 105, 107, 113]. It has been found that there are two kinds of polymer 
phases, one phase that only contains isolated chains, and the other that contains packed 
(or aggregated) chains, depending on the contribution of bad/good solvent ratio in the 
solution from which the polymer films are cast. This study also indicates that upon 
increasing the ratio of bad/good solvent, the photophysics of MEH-PPV solution shows 
similarity with that of the solid film. Hence, it is clear that there would be two kinds of 
photoexcitation species in MEH-PPV film: one that belongs to the isolated chains, and 
the other that characterizes the packed chains. This model is dubbed here the 'two species 
model' for MEH-PPV [107]. 
In spite of these efforts, a more direct demonstration of intermolecular 
(interchain) interaction is still missing. Also, a clear description of the role of interchain 
interaction on the polymer photophysics in the solid state, such as aggregates formation, 
charge transport and exciton migration, all of which are critical for device applications, is 
still lacking. 
In the majority of previous studies, variation of the intermolecular interaction in 
the material has often relied upon chemical modifications, or modified film processing 
conditions [112]. Applying hydrostatic pressure is a clean, simple method to probe 
intermolecular interactions of a material for a range of intermolecular distances without 
such alterations. Previous high pressure optical studies of ^-conjugated polymers used 
optical absorption and reflection, photoluminescence (PL), Raman scattering, and 
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transient and continuous wave (cw) photomodulation [114-122]. Since pressure enhances 
intermolecular interactions, and simultaneously changes intramolecular conformation 
(which planarizes the chains [119-121]), it has been difficult to separate these two effects 
[117]. This is especially true since cw spectroscopies mainly probe the lowest lying 
available states in the polymer chains, thus missing the direct pressure effect on the 
primary photoexcitations, which might be more sensitive to high pressure. 
4.3.2 Effect of pressure on the photoluminescence (PL) 
ofMEH-PPVfilm 
The PL emission of MEH-PPV film at ambient pressure has already been 
discussed in the previous section 4.2.3. Here, we focus on the effect of pressure on the PL 
of the MEH-PPV film. These measurements were done by Dr. Valentina Morandi in our 
group. Figure 4.5 shows the PL of MEH-PPV film at room-temperature under different 
applied pressures. There are two important changes observed in the PL spectra: (a) 
reduction in PL intensity, and (b) red-shift of PL peak position up to a certain pressure. 
The inset of Figure 4.5 shows the red-shift of PL peak position under high pressure. It can 
be seen that PL peak position red-shifts till 30 kbar, and then does not shift any more. 
The pressure dependence on PL can be explained by the two-species model in 
MEH-PPV [107]. Upon application of high pressure, more isolated chains in the film are 
packed together, and their PL peak position is thus red-shifted due to excimer formation 
in the packed phase. This red-shift may be the result of longer conjugation length of the 
polymer backbone in the packed chains due to steric hindrance; or shows the formation of 
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Figure 4.5: Photoluminescence (PL) spectra of MEH-PPV film at different pressures at 
300K. Inset shows the pressure dependence of PL peak positions along with quadratic 
(EPL = -10P + 0.11 P2) and linear (EPL = -2.76P) fits, where EPL is in meV and P is in 
kbar. (Adapted from Ref. [123]) 
excimers that dominates the packed phase. After a certain pressure (-30 kbar) an 
optimum arrangement of polymer chains is reached, where further packing of isolated 
chains is not possible, and the shift in the PL peak position saturates with increase in 
pressure. The lower PL yield at higher pressure is the consequence of more weakly 
coupled emissive interchain species generated in the packed chains, in agreement with 
excimer formation. 
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4.3.3 Ultrafast transient photomodulation measurements 
The ultrafast photomodulation (PM) spectroscopy at high pressure opens up the 
possibility of exploring the effect of interchain interaction on the primary 
photoexcitations of the polymer film, which is not possible by other steady state 
measurements like Raman scattering, absorption and cw photoluminescence 
measurements. Figure 4.6 shows the PM spectra of MEH-PPV film at t = 0 ps in the 
probe range of 0.25-2.1 eV at two different pressures of 0 kbar (ambient pressure) and 77 
kbar. The 0 kbar spectrum shows four different bands: PA' at 0.35 eV, PA" at 0.9 eV, 
PAi at 0.95 eV and SE at -2.0 eV. The origin of bands PA', PAi and SE have already 
been reported [84, 85]. It was assumed that PA' originates from photogenerated polaron-
pairs on neighboring chains, whereas PAI and SE bands are due to intrachain exciton. 
The band PA" was first predicted by Prof. Mazumdar [102, 124, 125], and is due to 
excimers that are formed because the rise of interchain interaction in the film. The same 
model predicted that there is a lower energy PA band from excimers; thus the original 
interpretation of PA' as due to polaron pairs needs be carefully scrutinized. 
The second PM spectrum at 77 kbar looks very different from that at ambient 
pressure. The SE band at -2.0 eV disappears, and a new band PA'" at -1.85 eV appears 
in the PM spectrum at near-IR. In addition, PA' and PA" are blue shifted to 0.65 and 1.3 
eV, respectively. These transient absorption results can also be explained by the two 
species model for MEH-PPV [105, 107] similar to the photoluminescence measurements. 
The bands PA' and PA" originate in the packed polymer chains, and they blue-shift upon 
the application of high pressure. The blue-shift of bands PA' and PA" has been shown 
theoretically [102] to occur only for excimers, where the increase of interchain transfer 
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Figure 4.6: Transient photomodulation spectra of MEH-PPV film at two different 
pressures of 0 and 77 kbar at t = 0 ps. Various bands such as PA', PA", PAi, PA'" and 
SE are assigned. The blue-shifts of PA' and PA" are shown by arrows. 
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integral, tx>, (equivalent to applying higher pressure in our measurement) results in 
substantial blue-shift of bands PA' and PA". In contrast the band PAi remains at the 
same spectral position because it originates from isolated chains in the film. If the 
original explanation of PA' would be correct, then the theoretical work shows [13] that it 
would not blue shift upon the application of high pressure. We therefore conclude that the 
original explanation is incorrect; PA' is not due to polaron-pairs but it originates from 
photogenerated excimers in the packed -phase of the MEH-PPV film. 
The near-IR/Vis part of the PM spectra have been plotted separately to emphasize 
bands lying in this range. Figure 4.7 shows three PM spectra of MEH-PPV film at t = 5 
ps, at different pressures of 0, 67 and 103 kbar. The disappearance of SE band at higher 
pressure, namely 67 and 103 kbar, is either due to the red-shift of the absorption in MEH-
PPV film at high pressure, or the appearance of band PA'" at 1.85 eV. The origin of 
band PA'" (clearly resolved in the 103 kbar PM spectrum) might be the result of blue-
shift of band PAex at 1.65 eV (seen in the previous section at ambient pressure). PA"' has 
also been seen in CW PM spectrum of MEH-PPV film at the higher pressure. The CW 
PM spectrum was done by Ms. Ella Olejnik in our group. The inset of Figure 4.7 shows 
CW PM spectrum of MEH-PPV film at pressure of 77 kbar, where the band PA'" is 
clearly discerned, and this indicates its longer life time in agreement with excimer 
species. 
The transient decay at different probe energies may give extra information about 
the temporal decay of the different species in the MEH-PPV. Figure 4.8 shows the effect 
of higher pressure on the transient decays at three different probe energies of 2.0, 1.29 
and 1.63 eV. The decays at 1.29 and 1.63 eV have been fitted with tri-exponential 
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Figure 4.7: Transient photomodulation (PM) spectra of MEH-PPV film at three different 
pressures of 0 67 and 103 kbar at t = 5 ps. Various bands such as PA", PA'" and SE are 
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Figure 4.8: Photomodulation decay kinetics of MEH-PPV film at different indicated 
pressures and at different probe energies of (a) 2.0 eV, (b) 1.29 eV and (c) 1.63 eV. 
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dynamics and their fitting decay constants with relative contributions are summarized in 
Table 4.2. Figure 4.8(a) shows the SE band at -2.0 eV, which disappears faster at higher 
pressure. As mentioned before, this disappearance might be the result of appearance of 
band PA'" at 1.85 eV. Figure 4.8(b) and (c) show the decay at 1.29 and 1.63 eV, 
respectively. Both decays are delayed at higher pressure due to the formation of more 
interchain species. Here, the interesting point to be noted is that, once a higher pressure 
(33 kbar in this case) is achieved, there is no further change in the transient decays at both 
probe energies with extra higher pressure (up to 100 kbar); similar to the PL red-shift that 
stops at about this pressure value. Hence, the pressure dependence of transient decays 
also supports the two species model in MEH-PPV film. 
We have also studied the polarization of bands PA' and PAi of MEH-PPV film at 
ambient pressure in the mid-ir/near-ir spectral range. These measurements were done by 
Dr. ChuanXiang Sheng in our group. Figure 4.9((a) & (b)) show the polarized PM decay 
of MEH-PPV film at PAi (0.95 eV) and PA' (0.33 eV) bands, respectively. The faster 
depolarization of band PAi compared to PA' is consistent with our interpretation that PA' 
originates from excimer in the packed-chains, and therefore they are less mobile 
compared to intrachain exciton (PAi). 
4.3.4 Conclusions 
We believe that the high pressure studies of MEH-PPV film can be explained 
using the two species model for MEH-PPV films. Firstly, with the increase in pressure 
(up to 30 kbar) some of the isolated chains become closely packed, and with further 
increase in pressure there is no change in the morphology. This behavior is confirmed by 
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Table 4.2: Photomodulation decay fitting parameters with their relative contributions of 





















































Figure 4.9: Polarized PM decay kinetics and their ratio (parallel/perpendicular) of MEH-
PPV film at ambient pressure at the PM spectrum bands (a) PA1 (0.95 eV) and (b) PA' 
(0.33 eV) 
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the dependence of PL peak position and PM transient decay at high pressure (up to 30 
kbar). Secondly, with further increase of pressure (>30 kbar) the packed chains get closer 
and the interchain transfer integral increases so that the blue-shift of bands PA', PA" and 
PA'" indicates that these bands originate due to excimers in packed chains regions. In 
contrast, band PAi comes from isolated chains in the film, which does not shift at high 
pressure. Our results are in agreement with a model where intrachain excitons are the 
primary excitations in isolated MEH-PPV chains, but in contrast excimers, or interchain 
charge transfer excitons, dominate the photophysics in the packed chain phase of the 
MEH-PPV films. We therefore conclude that the evidence of excimer photoexcitations is 
strong in MEH-PPV; this paves the way to look at ordered chain phases in other 
polymers, such as RR-P3HT and PFO where ordered phases were identified. 
CHAPTER 5 
PHOTOEXCITED STUDIES OF PLATINUM 
CONTAINING ^-CONJUGATED 
POLYMERS 
^-conjugated polymers containing platinum (Pt) atoms in their backbone are novel 
polymer materials suitable for studying enhanced intersystem crossing rate of singlet to 
triplet excitons. The presence of Pt in the rc-conjugated backbone will affect the excited 
states properties of these polymers. The present chapter mainly discusses the 
characterization of these excited states energy levels of two different Pt-containing 
polymers using electroabsorption (EA) and two-photon absorption (TPA) spectroscopies. 
5.1 Introduction 
5.1.1 Polymer materials 
The Pt-containing polymers used in our measurements have been synthesized in-
house at the Physics Department, University of Utah by Mr. Leonard Wojcik. The 
backbone structures of these polymers are shown in Figure 5.1(c), where a conjugated 
spacer unit is coupled to two Pt atoms. Two different types of Pt polymers with different 
spacer units were investigated, one that has only one spacer unit, dubbed Pt-1, and 
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another with three spacer units dubbed Pt-3. The main goal of synthesizing different 
polymers is to control the spin orbit interaction by modifying the spacer between Pt 
atoms. Figure 5.1(a) shows the backbone structure of the first spacer unit with single 
phenyl ring that separates the Pt atoms. Figure 5.1(b) shows the second spacer unit that 
consists of three phenyl rings. Hereafter, these polymers will be designated as Pt-1 and 
Pt-3 polymers based on the number of phenyl rings in their spacer unit. 
5.1.2 Quantum chemistry calculation of the excited 
states in Pt-polymers 
Quantum chemistry calculations have been done by Dr. Sergei Tretiak on Pt 
embedded polymers that differ in their spacer unit, similar to Pt-1 and Pt-3 polymers. It 
has been found that compared to Pt-2 (two phenyl rings spacer) and Pt-3, Pt-1 still has 
7i-electron triplet states the lowest state in the triplet manifold. 
However, rc-electron singlet state in Pt-1 is no longer the lowest Si singlet state. Rather, 
the lowest state in Pt-1 is Metal-to-Ligand Charge Transfer (MLCT) state, whereas in Pt-
2 and Pt-3 polymers these states are well above the lowest u-electron singlet state. Figure 
5.2 shows the schematic energy levels of the singlet and triplet manifolds in Pt-1 polymer 
showing that the MLCT state lie below the u-electron singlet state. The MLCT states are 
present in all Platinum compounds and correspond to electron transfer from carbon chain 
to platinum. They are somewhat mixed with Ti-electron states. Also the MLCT are 
localized states and thus their energy does not change much with oligomer length or type, 
and is calculated to be at about 3.5-3.6 eV. 
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HC= ( Q ) — = = C H 
(a) Pt-1 spacer (1,4-diethynylbenzene) 
HC^—<( )) = (( )) = ( Q V ^ C H 
(b) Pt-3 spacer (l,r-(l,4-phenylenediethyne-2,l-diyl)bis(4-ethynylbenzene)) 
P(n-Bu)3 P(n-Bu)3 
• i 





(c) Platinum polymer (generalized form) 
Figure 5.1: Chemical structures of (a) Pt-1 spacer, (b) Pt-3 spacer, and (c) the 
generalized form of Pt-polymers. 
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Figure 5.2: Schematic energy levels of the singlet and triplet manifolds in Pt-1 showing 
that the singlet MLCT lie below the Ti-electron state. Calculations were done by Dr. 
Tretiak at Los Alamos National Lab (2007). 
5.2 Electroabsorption of Pt-3 polymer 
Electroabsorption (EA) measurement is a unique method to probe both even and 
odd parity excited states in ^-conjugated polymers, and thus it has been frequently used 
[51, 54, 71, 74, 75]. The EA spectroscopy is done at an electric field of ~7xl04 V/cm and 
80 K. Figure 5.3(a) shows the EA spectrum of Pt-3 polymer compared to the linear 
absorption spectrum. The linear absorption peaks at 3.1 eV with its onset at -2.95 eV 
showing a singlet 7t-7t* exciton at ~ 3.05 eV. The EA spectrum contains many features: a 
first-derivative-like feature with zero-crossing at -3.05 eV (assigned as 1BU), a 
modulation feature with zero-crossing at -4.4 eV (assigned as nBu), three well-resolved 
phonon side bands related to 1BU at 3.1, 3.25 and 3.4 eV, and two induced absorption 
bands at 3.8 eV (assigned as mAg) and 4.25 eV (assigned as m'Ag). The EA spectrum can 
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be interpreted as follows. The first-derivative-like feature at -3.05 eV is due to stark-shift 
of the lowest-lying exciton, namely, the 1BU. The modulation feature centered at -4.4 eV 
is due to the electric-field induced shift of the most strongly coupled exciton to the mAg, 
namely, the nBu. The derivative-like feature at energies just above E(1BU) is due to the 
stark shift of the lBu-related phonon side-bands. These features are more easily observed 
in EA than in the linear absorption spectrum because of the strong dependence of the 
exciton polarizability on the conjugation length in the polymer chains, with preference to 
focus in EA on long oligomers. The EA-induced absorption feature at 3.8 eV does not 
have any corresponding spectral feature in the linear absorption spectrum. We therefore 
conclude that this feature in the EA spectrum involves a strongly coupled Ag state, 
namely mAg. Such a state would not show up in the linear absorption spectrum, since the 
optical transition 1 Ag —> mAg is strictly forbidden. The presence of electric-field in the 
EA measurement breaks this symmetry resulting in the transfer of oscillator strength from 
the allowed lAg —• 1BU transition to the forbidden lAg —»• mAg transition. The same 
applies for the EA feature at -4.25 eV assigned as m'Ag. In general, the even parity state 
above mAg is assigned as kAg, which lies above the odd parity state nBu in the n-
conjugated polymers. However, in the present EA spectrum of Pt-3 polymer, the presence 
of an even parity state, namely m'Ag below the nBu indicates that m'Ag belongs to a 
different exciton manifold, which might be MLCT states in case of Pt-polymer. 
Figure 5.3(b) shows the polarized EA spectra of Pt-3 polymer film with light 
polarization parallel and perpendicular to the applied electric field direction, which is set 
by the direction of the electrodes on below the polymer film. The parallel and 
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Figure 5.3: Electroabsorption (EA) measurement of Pt-3 film, (a) EA spectrum with 
linear absorption. The essential states 1BU, mAg, m'Ag and nBu are assigned, (b) 
Polarized EA spectrum of Pt-3 film with light polarization parallel (empty circle) and 
perpendicular (empty square) to the applied electric field vector. 
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of most ^-conjugated polymer films. On the contrary, the anisotropy is in between 1.3:1 
and 1:1. The low anisotropy of Pt-3 film indicates that either there is relatively strong 
interchain interaction or some of the excited states do not lie along the polymer chain. 
5.3 Two photon absorption of Pt-3 polymer film 
and solution 
In ^-conjugated polymers the optical transitions between the ground state 1 Ag and 
the Bu excited states are allowed, and therefore the linear absorption spectrum contains 
mainly lAg—> 1BU transition. On the contrary, the optical transitions between the ground 
state lAg and other state with Ag symmetry are forbidden. However, these transitions 
become allowed in two photon absorption (TPA). Figure 5.4(a) shows the TPA spectrum 
of Pt-3 film up to 4.1 eV compared with the linear absorption spectrum. The TPA 
spectrum peaks at 3.7 eV, with phonon side bands at 3.9 eV. These bands are due to mAg 
state, as has been seen in the EA spectrum. The TPA spectrum goes to zero as it 
approaches the 1BU state of the polymer. The TPA spectrum does not show other even 
parity state m'Ag since it lies outside our spectral range. 
Figure 5.4(b) shows the polarized TPA spectra of Pt-3 film. The polarization 
anisotropy between parallel and perpendicular spectra is 1.3:1 which is almost consistent 
with the polarization anisotropy in the EA spectra discussed above. The TPA spectrum 
diminishes close to the peak in the linear absorption spectrum. This indicates that there is 
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Figure 5.4: The two-photon absorption (TPA) measurement of Pt-3 polymer, (a) TPA 
spectrum compared to the linear absorption spectrum.(b) TPA spectra with pump and 
probe polarizations either parallel (empty circle) or perpendicular (empty square) to each 
other. 
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eliminating the explanation of single electron band model for this polymer, which would 
have shown the peaks in the absorption and TPA to be very close to each other. 
TPA measurements were also done on the Pt-3 polymer solution to compare it 
with the film. Figure 5.5(a) shows the TPA spectrum of the Pt-3 solution compared with 
the linear absorption spectrum. Both of these spectra are blue-shifted by -0.1 eV 
compared to the film, and this indicates that the polymer chains are isolated in the 
solution. Figure 5.5(b) shows the polarization anisotropy of the TPA spectra in the Pt-3 
solution. A large anisotropy of 2.5:1 is observed for mAg state in the solution, and this 
explains that the low anisotropy of film is due to interchain interaction. The enhanced 
interchain interaction in the Pt polymer may be due to the long extent of the Pt d-
electrons that resemble long lobes extended outside the chain direction. 
5.4 Electroabsorption of Pt-1 polymer 
The model calculation of Pt-polymers has shown that the lowest lying singlet state 
in Pt-1 polymer is not n-electron singlet state, but rather is an MLCT state. Figure 5.6(a) 
shows the EA spectrum of Pt-1 polymer film compared with its linear absorption 
spectrum. The linear absorption spectrum peaks at ~3.05 eV with two humps at 3.8 and 
4.15 eV, respectively. The EA spectrum shows many different features (similar to the EA 
spectrum of Pt-3 polymer film discussed above): a first-derivative-like feature with zero-
crossing at ~3.17 eV (assigned as 1BU), a modulation feature with zero-crossing at -4.1 
eV (assigned as nBu), two well-resolved phonon side bands related to 1BU at 3.29 and 3.5 
eV, respectively, and a single induced absorption band at 3.9 eV (assigned as mAg). The 
position of 1BU state is very different in Pt-1 polymer than in the Pt-3 polymer (or any 
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Figure 5.5: The two-photon absorption (TPA) measurement of Pt-3 polymer in solution, 
(a) TPA spectrum compared to the linear absorption spectrum.(b) TPA spectra with pump 
and probe polarizations either parallel (empty circle) or perpendicular (empty square) to 
each other. 
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n-conjugated polymers), and it lies above the linear absorption peak at -3.05 eV. We 
speculate that linear absorption peak at -3.05 eV is due to the lowest lying MLCT singlet 
state (shown by quantum chemistry calculation) whereas the EA derivative feature points 
to the 1BU at -3.17 eV, which is the 7i-electron singlet state. The explanations for other 
EA features are the same as in the Pt-3 polymer discussed above. We therefore conclude 
that the EA spectrum reveals a splitting of - 0.12 eV between the lowest lying MLCT 
state and that of the TWI* state, in good agreement with the theory. 
Figure 5.6(b) shows the polarization anisotropy of the EA spectra of Pt-1 
polymer, which varies from 1.8:1 to 2.0:1 in the entire spectral range. The large 
polarization anisotropy of Pt-1 film compared to Pt-3 polymer indicates that most excited 
states lie along the backbone chain of the Pt-1 polymer. This points to a larger 
hybridization of the Pt d-electron and the carbon 7i-electron on the polymer chains. 
5.5 Two-photon absorption of Pt-1 solution 
Figure 5.7(a) shows the two-photon absorption (TPA) of the Pt-1 solution along 
with linear absorption spectrum. We note that even in the solution, the linear absorption 
peak position is still at -3.05 eV, the same as that of the film. This shows that the lower 
lying state in Pt-1, in contrast to Pt-3 is quite robust and does not depend on the chain 
conjugation length, in agreement with our conclusion that is due to the MLCT state. The 
TPA spectrum peaks at -4.0 eV, and similar as in Pt-3 this band is assigned to mAg state, 
which is also supported by the EA spectrum. Here, the important point to be noted is that 
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Figure 5.6: Electroabsorption (EA) measurement of Pt-1 polymer film, (a) EA spectrum 
with linear absorption. The essential states 1BU, mAg, and nBu are assigned, (b) Polarized 
EA spectrum with light polarization parallel (empty circle) and perpendicular (empty 
square) to the applied electric field vector. 
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eV in most Tt-conjugated polymers. This is the consequence of MLCT singlet state being 
the lowest excited state of Pt-1 polymer. 
Figure 5.7(b) shows the polarized TPA spectra of Pt-1 solution. The polarization 
anisotropy between parallel and perpendicular spectra is 3.8:1, which is large compared 
to EA spectrum anisotropy of mAg state (2.0:1) of Pt-1 film, and also higher than the 
TPA polarization anisotropy of Pt-3 solution. Thus, it is clear that the excited states of Pt-
1 polymer are more aligned along the backbone chain compared to the excited states of 
Pt-3 polymer. 
5.6 Ultrafast photomodulation of Pt-1 polymer 
This measurement was done by Drs Tong and Gambetta in our group. Figure 
5.8(a) shows the transient PM spectra of Pt-1 polymer at three different time scales of t = 
0, 0.5 and 1 ps. The spectra reveal three different band structures: PAi at 0.8-0.9 eV, PA2 
at -1.9 eV, and PA3 at -2.5 eV. Figure 5.8(b) shows the decay dynamics of these bands. 
PAi and PA3 are strictly correlated with a decay time of about 2 ps deduced from pump-
probe time traces, whereas PA2 presents a much longer delay. The plateau in the PA3 
dynamics comes from the partial overlap with PA2 band. Band PAI and PA3 are seem to 
be related to singlet absorptions (respectively Si-Sm and Si-Sn transitions) because of the 
very fast decay time. We know that all the photoinduced transition originate from 1BU 
(-3.1 eV), and they are between opposite parity states. Thus, PAi is in between 1BU (-3.1 
eV) and mAg (-4.0 eV), and its spectral position (0.8-0.9 eV) in PM spectrum also 
supports that. All the other higher probe energy transitions, like PA3, cannot be traced 
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Figure 5.7: The two-photon absorption (TPA) measurement of Pt-1 polymer in solution, 
(a) TPA spectrum compared to the linear absorption spectrum.(b) TPA spectra with pump 





0.3 (16 0.9 12 15 1.8 21 24 2.7 
(b) 
Photon enerav (e\/) 
Tinre(ps) 
Figure 5.8: Transient photomodulation (PM) measurement of Pt-1 polymer, (a) The 
transient PM spectra using excitation of 3.1 eV at t = 0 ps, 0.5 ps and 1 ps, showing 
different bands PAi, PA2 and PA3. (b) The decay dynamics of these bands in the 
spectrum. These measurements were done by Drs Tong and Gambetta in our group. 
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triplet absorption band in CW PM measurement and PA2 band in transient measurement, 
we assign the origin of PA2 band to triplet-triplet absorption in the triplet manifold. 
5.7 Conclusions 
The excited states properties of two Pt-polymers, namely, Pt-1 and Pt-3, using 
linear-absorption, EA and TPA spectroscopies have been studied. The presence of metal 
in the backbone of rc-conjugated chains affects the location of 71-71* excited states with 
respect to MLCT transitions, and their relative positions have been identified using EA 
and TPA spectroscopies. It has been found that the lowest lying singlet state in Pt-1 
polymer is MLCT in nature whereas Pt-3 polymer has Ti-electron state as the lowest 
excited state like other n-conjugated polymers. The nonlinear spectra of these polymers 
show similar behavior as have been found in other regular Ti-conjugated polymers such as 
PPV derivatives, polythiophene etc. 
CHAPTER 6 
CONCLUSIONS 
This dissertation explores the optical characterization of (a) compounds of 
polythiophene/fullerene blends; (b) various derivatives of poly(phenylene-vinylene) 
(PPV) polymers; and (c) Pt-containing rc-conjugated polymers using ultrafast 
photomodulation measurements as well as electroabsorption and two-photon 
spectroscopies. The two laser systems used for these studies are a high-energy low-
repetition rate laser system in the spectral range of 1.2 to 2.5 eV and a low-energy high 
repetition laser system in the range 0.25 to 1.1 eV. Using both systems we could study 
the transient PM spectrum in the time domain of -100 fs to 1 ns. 
In organic photovoltaics, bulk heterojunction polymer solar cells based on Regio-
Regular-poly(3-hexylthiophene) (RR-P3HT)/fullerene have shown promising power 
conversion efficiency of up to 6%. To improve this value further, a deeper understanding 
of the ultrafast charge carrier photogeneration and recombination in the active layer of 
the polythiophene/PCBM blend is required. Two different donor polymers namely, 
Regio-Regular-poly(3-hexylthiophene) (RR-P3HT), which forms nano-morphological 
lamellae structure, and Regio-Random-poly(3-hexylthiophene) (RRa-P3HT), which 
forms lamellae with lesser extent, have been compared. In contrast to high efficiency 
photovoltaic devices based on RR-P3HT/PCBM, the devices based on RRa-P3HT/PCBM 
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blend have shown poor power conversion efficiency (< 0.1%). Therefore, these two 
polymers unravel the importance of phase separation of the material constituents in the 
active layer of donor/acceptor blend systems. These nano-morphologies have been 
studied by transmission electron microscopy (TEM). TEM images of (RR-P3HT)/PCBM 
blend show the nano-sized (-30 nm) domains of PCBM network, whereas for (RRa-
P3HT)/PCBM blend, the polymer and PCBM are uniformly mixed, and TEM images do 
not show any phase-separation of polymer or PCBM. 
The transient PM measurements of one of the most efficient RR-P3HT/fullerene 
blends (namely P3HT/PCBM) shows that the decay of exciton does not result in the 
generation of polarons in the donor and acceptor materials, as assumed by the present 
model of charge dissociation in photovoltaic devices. On the contrary, the decay of 
exciton fits very well the transient build-up of charge-transfer (CT) states in the fullerene 
phase. This indicates the migration of the photogenerated excitons in the polymer phase 
to the D-A interface, and then into the fullerene nano-domains. In contrast, the transient 
PM measurements of RRa-P3HT/fullerene blend, which does not form phase-separated 
nano-domains, show the formation of a CT state at the interface following by ultrafast 
geminate recombination. 
The photophysics of 2-methoxy-5-(2'-ethylhexyloxy) poly(phenylene-vinylene) 
[MEH-PPV] polymer is, in general, one of the most debatable among rc-conjugated 
polymers. MEH-PPV polymer and other PPV derivatives (such as DOO-PPV) have been 
studied by transient photomodulation (PM) and polarization memory decay 
spectroscopies. The transient PM measurements of MEH-PPV films show that there are 
two kinds of primary photoexcitations, namely, intrachain excitons and excimers, but 
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only intrachain excitons are photogenerated in other PPV derivative polymers and in 
MEH-PPV solutions. Subsequently, in order to study the interchain interaction, and its 
role in determining the excimer species, high-pressure (up to 100 kbar) study of MEH-
PPV film was performed using a diamond anvil cell. The high-pressure study shows that 
there are two kinds of polymer chain orders in MEH-PPV film; in one of them the chains 
are isolated, whereas in the other order the chains are closely packed. The high pressure 
mainly affects the closely packed-chains. Related with this chain order we found three 
photoinduced absorption (PA) bands that blue-shift with pressure, namely PA' (-0.65 
eV), PA" (1.2 eV) and PA'" (1.85 eV) [the energies are given at 77 kbar], are observed, 
which are due to excimers in this polymer phase. In contrast, there is no substantive 
pressure effect on the PAi band at 0.9 eV that originates from photogenerated intrachain 
excitons in the isolated chains. 
Platinum (Pt)-containing conjugated polymers are an interesting class of polymer 
materials due to existence of phosphorescence along with fluorescence emission, and this 
can increase the efficiency of light emitting diodes based on these materials. In addition, 
these polymers are important from fundamental aspects because, due to the large spin-
orbit coupling of the intrachain Pt atoms triplet species can easily be detected, which is 
elusive in regular Ti-conjugated polymers,. The aim of our study here was to investigate 
the excited states properties of Pt-containing conjugated polymers, which may be very 
different than the excited states properties of known 7i-conjugated polymers such as PPV, 
polythiophene and polyfluorene, due to the incorporation of Pt atoms into the backbone 
of the Tt-conjugated chain. 
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The two Pt-containing 7i-conjugated polymers studied in this thesis are: (i) Pt-1, 
where the Pt atom is incorporated into the backbone of the polymer chain in each 
monomer unit; and (ii) Pt-3, where the Pt atom is incorporated into every three monomer 
units. The different parity of the excited states in these Pt-polymers are studied by 
electroabsorption and two-photon-absorption spectroscopies. These studies reveal that 
even after incorporation of Pt atoms, the excited state properties of these polymers are not 
very different from the regular ^-conjugated polymers. The lowest lying singlet state in 
Pt-1 polymer is MLCT in nature, whereas Pt-3 polymer has a rc-electron state as the 
lowest excited state, similar as in other rc-conjugated polymers. These excited states are 
consistent with the transient PA bands seen in the PM spectrum. 
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